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Abstract
Oxy-fuel combustion has the potential to offer high thermal efficiency and lower
pollutants emission compared to other existing combustion technologies. More than 63% of the
world’s electricity is produced by fossil fuel combustion which also is the major reason for
greenhouse gas emissions. Oxy combustion offers a solution to it. Oxy combustion uses pure
oxygen as an oxidizer instead of air which eliminates the NOx and SOx products from the
exhaust. In oxy-combustion flue gas mainly consists of CO2 and water vapor. Furthermore,
combustion in presence of pure oxygen results in higher flame temperature and hence promises
higher thermal efficiency. Furthermore, the CO2 can be captured from the exhaust and
recirculated back into the combustion chamber to reduce radiation loss. Due to its thermal and
environmental potential oxy-fuel technology is currently undergoing a rapid development
towards commercialization with many several industrial projects. This advanced power
generation technology also has a wide range of engineering applications in the gas turbine,
boiler, and aerospace industries.
Commercializing this combustion concept faces impediments from several fronts due to
the existing knowledge gap. Combustion in oxy-combustion environments results in a very high
flame temperature laying in the 30000C range. Metal body exposed to high temperature during
combustion deteriorates at an increasing rate causing the combustor chamber to be damaged.
Furthermore, operating parameters for a continuous steady-state operation are needed to be
optimized. Recent work done by the UTEP-Aerospace Center research groups proposes a
vertical 5 MWth oxy-combustor with two burners and a CO2 injection port. The combustor has
fuel flexibility (flex-fuel) and can operate with multiple fuel. The primary objective of this
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dissertation is to perform a qualitative analysis of this two-burner oxy-fuel combustion and
present a high fidelity CFD model of the combustor for future scaling up.
A commercial computational fluid dynamics tool, Simcenter Star CCM+ was used to
model the system. The CFD model is designed to simulate a real-life combustion environment
and can operate at different inlet conditions. In this study inlet conditions for the models are kept
similar to the experimental ones to validate their fidelity. The expertise gained from this study is
important to design combustors accurately and safely at a higher thermal rating and at elevated
pressures. The combustor was operated at firing inputs ranging from 50 kWth to 110 kWth. and the
experiments were run in two different CO2 settings. Combustions were conducted without any
injected CO2 and contained only methane and pure oxygen as inputs. These test points were
studied for highest thermal output. Later the similar tests were conducted by injecting various
CO2 mass percentages to imitate different flue gas recirculation settings for the industrial scale
power plants. Data points obtained from these experiments were used to find combustor
operability for combustion in recirculated flue gas environment. The tests were run at a near 1
stoichiometry ratio and the injected CO2 mass percentage varied between 0-80%. It was
determined that the tests can be conducted for at least 2 minutes without overheating the
combustor. The digital counterpart of the model was used to predict several combustion
properties which also was compared with the experimental data. The model was designed by
combining several combustion physics sub models including a four-step robust chemistry models
and surface to surface radiation model.
Effect of dilution on radiative heat flux was measured from the experiments for different
input conditions. Maximum radiation was found at the no dilution cases and at a higher dilution
steady state heat flux was achieved suggesting the potential of industry scale use. For 110 kW
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peak radiative heat flux was found to be 56 kW/m2 at no dilution case which dropped down to a
steady 12 kW/m2 at 80% dilution. The digital counterpart of the combustor was found to have
high fidelity as many crucial thermo-fluidic properties predicted by it fall within a reasonable
range of the tested data and hence it can be used for future oxy-fuel combustion research. The
peak experimental heat fluxes for 68 and 46 kW-without dilution cases are 27 and 15 kW/m2
respectively and the CFD model predicted quite similar values for these two cases which are 14.6
and 11 kW/m2. The flame temperature predicted by the model for different cases also were
validated with previous work. Deviation of the simulated combustion temperature from the
analytical and literature values ranges between 3-13%. Based on the heat flux, combustion
temperature, gas concentration and other property analysis with the experimental and simulated
data it was concluded that the combustor could operate effectively in an industrial setting by
setting the optimum input configuration.
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Chapter 1: Introduction
The abundant availability of fossil fuel globally and its energy density make it
particularly attractive for power generation. According to US Energy Information Administration
in 2016 nearly 65% of US electricity was produced from fossil fuels[1]. The report shows 34%
of this electricity are produced by natural gas combustion. Figure 1 presents an overall scenario
of the recent US energy scenario and the contribution of combustion power generation on overall
CO2 emission. However, the environmental impact of fossil fuels questions their vitality in the
future power generation system. Coupled with climate restrictions, the constant need for power
practically demands a highly efficient carbon-neutral coal power generation system. A realistic
solution to this problem is oxy-fuel combustion systems.
In oxy-fuel combustion, fuels are burned in a nitrogen-lean and a CO2 rich environment.
It’s achieved by feeding the combustor with an oxygen-rich stream and recycled flue gases. Oxy
combustion could also increase the system efficiency due to the higher temperatures produced
when burning with oxygen instead of air. The recycled gases are used to control the flame
temperature. Oxy-fuel combustion systems have been widely accepted as a competitive carbon
capture technology due to their efficiency advantage and low retrofitting cost for existing
powerplants. Demand led to the establishment of heavy-scale industrial projects in recent years
like Vattenfall 250MWe and Youngdong 100 MWe power plants [2]. The high CO2 concentration
and the significantly lower N2 concentration in the oxy-fuel raw flue gases is a unique feature
that lowers the energy and capital costs of oxy-fuel carbon dioxide capture when compared to
alternatives [3]. DOE/ NETL published a report indicating cost of electricity versus efficiency
for different combustion mechanism [4]. The report shows the potential of oxy combustion while
pointing out the absence of necessary research. The comparison between air and oxy combustion
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in supercritical (SC) and ultra-supercritical (USC) steam cycles are shown in Figure 2 [4]. Oxy
combustion technique performed better than air combustion both in the measure of efficiency
and electricity cost. However, much research is required to successfully replace conventional air
combustor to oxy combustion in the industrial power grids.

Figure 1: (a) Energy Production in the US in 2016, (b) CO2 Emission Scenario [1]
The knowledge obtained from this study will be used to design and manufacture grid
scale oxy combustors. The experimental design presented in this study will be used as model
study for future industry scale power generator and the numerical model generated data can be
used to optimize the process conditions. Oxy-combustion research has been growing as a branch
of other conventional air combustion techniques and full-fledged demonstration of oxy
combustor is largely absent considering the surging demand [5]. This study aims to bridge some
of those research gaps by characterizing a 5 MWth oxy combustor. The dissertation is divided
into two sections. In the first section, the design and experimental set up of the oxy combustor
are presented. A modular design was used for the combustor body which can be retrofitted for
multi fuels. To facilitate coal-combustion a novel co-axial injector system was installed into the
2

combustor. A data acquisition system was built to control the feed system and to acquire live
data from the combustion environment. A number of inlet conditions were experimented with the
set up and will be discussed later in the dissertation.
In the second section of the dissertation, a computational model was developed to
simulate the real-life experiments done in part 1. The model will be used to characterize the
combustion and can later be used to design super critical (~100 bar) multi fuel oxy-combustor. A
thorough literature study is conducted to develop the sub models and design the computational
domain. The geometry was designed to mimic the real-life burner with all it’s materials and
constraints. Later similar inlet conditions as part 1 was simulated and presented in the
dissertation. The results from both sections were compared and validated with each other.

Figure 2: Net efficiency and the cost of electricity of power plants
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1.1. OXY-FUEL COMBUSTION
The conventional fossil fuel fired boilers use air for combustion. Air contains
approximately 79% nitrogen by volume. This nitrogen dilutes the CO2 concentration in the flue
gas. And the capture of CO2 from such diluted mixture is relatively expensive. Several projects
including ones with ammine stripping [6] has found to be relatively expensive with diluted
mixtures. In oxy-fuel combustion technology fuel combustion is a promising approach for
facilitating CO2 sequestration. In this approach, a combination of oxygen typically of greater
than 90% purity and recycled flue gas is used for combustion of the fuel. Thereby the
combustion process generates a flue gas consisting mainly of CO2 and H2O, allowing for a
simple downstream removal of CO2. The recycled flue gas replaces the N2 in the combustion air
and serves to lower the flame temperature and keep up the gas volume through the boiler.
Configured this way, oxy-fuel combustion involves very high CO2 concentrations.
By recycling the CO2 and H2O from the outlet back to the furnace inlet, several changes
in heat transfer can be expected due to the changes in gas properties. These changes are affected
by two main properties that change during oxy-fuel combustion. The properties are gas radiative
properties and gas thermal capacity. During oxy-fuel combustion, the concentration of tri-atomic
gas molecules in the flue gas increases drastically and will change the emissivity of the gas. The
major contributor of the heat transfer from a flame is thermal radiation from CO2, H2O, soot, and
CO [7]. In oxy-fuel combustion the concentration of carbon dioxide and water vapor is increased
significantly which changes the radiative heat transfer from the flame. Carbon dioxide and water
vapor have high thermal capacities compared to nitrogen. This increase in thermal capacity
increases the heat transfer in the convective section of the boiler. Due to the CO2 sequestration
technology oxy-combustion research gained a lot of traction during last half century in the
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pulverized coal-fired power plant sector. The cheap abundance of coal and the fact that flue gas
by coal burning contains 60-80% sequestration ready CO2.
1.1.1. Experimental Studies:
Argonne National Laboratory (ANL) carried out one of the earliest studies of oxy-coal
combustion in their 3MW pilot-scale burner [8][2] [9]. They found out that the air firing case and
the oxy-combustion cases showed similar overall heat transfer performance when the O2
concentrations are 24% in a wet cycle and 27% when ran in a dry cycle. They also found that
oxy-combustion has 50% less NOx production that air-fired combustion. Oxy-fuel combustion
had a similar in-furnace gas temperature profile as the normal air-fired combustion. No
operational difficulties were found for oxy-fuel combustion. Hence the study concluded that oxyfuel combustion may be applied successfully as a retrofit to a wide range of utility boiler and
furnace systems. The horizontal cylindrical combustor used in the study is shown in Figure 3

Figure 3: (a) Schematic view of the 3 MW test combustor (b) Comparison of calculated and
measured axial temperature distributions for coals.
Pressurized oxy-fuel combustion systems have been proposed recently, with the objective
of improving the energy efficiency by recovering the latent heat of steam in the flue gas. The flue
5

gas volume is reduced under elevated pressure, which results in smaller components and
reductions in capital cost for the same power output. ThermoEnergy Power System developed
the TIPS oxy-coal power cycle operating at 80 bar [5]. The Canada Center for Mineral and
Energy Technology (CANMET) [10] and Renz [11] are among the few investigators who have
studied the TIPS power cycle. The study by CANMET showed that by increasing the pressure
above 8 MPa, no significant improvement of cycle efficiency occurs. The ENEL cycle is
patented by ITEA, an Italian company named for their project Isotherm Power® [10]- [12]. The
design has been investigated by MIT [2],[13]. At the pressure of 1 MPa, this cycle has
demonstrated considerable efficiencies and produced large amounts of carbon dioxide that could
be recycled or sequestered. The lower pressures of ENEL may be particularly attractive, because
at this range of pressures, the heat exchangers are not as large as for higher pressure systems.
Khan et al. [14] presented comprehensive layouts for TIPS and ENEL cycles. The schematics are
presented in Figure 4.

(b)
(a)
Figure 4: Schematic diagram of (a) TIPS oxy-combustion cycle, (b) ENEL oxy-combustion
cycle
Air liquide worked on 30-500 MW oxy-combustors which were both retrofitted and full
oxygen-fired [15]. They compared the capital and operating costs of oxygen-fired pulverized
6

coal and conventional air-fired boilers for pollutant controls. They found that the total annual
cost for the oxy combustors is cheaper relative to the conventional air-fired ones for up to 200
MW. The collaborative study between US DOE, Air Liquide and Babcock power performed an
economic feasibility study, comparing combustion modifications via oxy-combustion approach
with alternate technologies like ammine scrubbing (MEA). They also presented the feasibility
and measure the performances with flue gas recirculation on coal-fired pilot-scale boiler. The
burner is presented in Figure 5(a). In this burner they used three stage oxidizer port and two stage
preheater sections. Figure 5(b) presents a relative cost study between different combustion
processes. It shows that CO2 capture from the exhaust is by oxy combustion is around 60%
cheaper than MEA process. This significant difference is attributed to the fact that MEA is
expensive to install and operate. Also, the absolute quantity of CO2 captured is 90% of total
emissions for MEA 99% for oxy combustion cases.

(a)
(b)
Figure 5: (a) 1.5 MWth Pilot boiler, (b) Electricity costs and CO2 capturing costs
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The largest oxy-fuel demonstration happened in Queensland, Australia. The Callide
project is a joint venture of CS energy and IHI corporation in Japan. The power plant has 1700
MW thermal capacity and is budgeted over $270 million. It demonstrated carbon capture using
oxy-fuel combustion, but did not attempt carbon storage [16]. The goal of the project was to
Obtain detailed engineering design and costing data and operational experience to underpin the
commercial development and deployment of new and retrofitted oxy-fuel boiler applications for
electricity generation. The Callide project demonstrated the production of electricity from coal
with almost no power station emissions to the atmosphere. A major portion of the flue gas CO2 is
captured as liquefied gas. The project used cryogenic separation and recovery of industrial grade
CO2 from the power station flue gas stream, which could either be partially utilised in industry or
potentially in enhanced oil recovery (EOR), which assists in maximising oil production from an
oil well. The project also ran more than 10,000 hours of oxy-combustion and more than 5,000
hours of carbon capture. After the project completion it’s concluded that it’s economically viable
to retrofit oxy-fuel set up into an existing air fired combustor. A picture of the whole power plant
is presented in Figure 6.
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Figure 6: Callide Oxy-fuel Power Plant in Queensland
1.1.2. Computational Model Studies:
Computational fluid dynamics (CFD) is becoming an important industrial tool for
troubleshooting and optimization. Thermal models can predict combustion behavior and save
operation time by a large degree. In this section, different numerical solution methods will be
compared for combustion modeling. Also, a brief overview of different methods that were used
in the current study is presented here.

1.1.2.1.

Turbulent Models:

The Navier-Stokes and continuity equations are the governing equations of
hydrodynamic flows, and the fluids are usually assumed incompressible and Newtonian.
Commonly, for high Reynolds numbers, these equations are not directly solved due to the grid
requirements necessary to solve the entire range of turbulent scales. To model the real-life
turbulence different numerical methods have been used in CFD. The Reynolds-Averaged NavierStokes (RANS) equations are the dominant mathematical model to solve turbulent flows around
9

complex geometries. Spalart [17] reviewed and discussed the strategies for turbulence modeling
and simulations. They compared Reynolds Average Navier Stokes (RANS), Direct Numerical
Simulation (DNS) and Large Eddy Simulation (LES) methods. The study shows that the
turbulence predictions in aerodynamics include two primary challenges which can be
summarized as: (i) growth and separation of boundary layer and (ii) momentum transfer after
separation. LES turned out to be more computationally expensive than RANS, but it can address
both the issues more accurately than RANS. And DNS method is ignored due to significant cost
and computational time. The study concluded that despite the computational superiority of LES
and DNS, due to computational simplicity and moderate solving time RANS solution method is
widely used to simulate fluid dynamics problems. M. Ilie et al. [18] worked on fluid-structure
interaction in turbulent flow using LES method. Their study captured macroscale fluid behavior
around a flat vertical body when place in a cross flow. They validated their algorithm with
experimental results, and they were in good agreements with each other. The analysis reveals
that these vortices cause large flow separation and ejection of the boundary layer which affects
the aerodynamic forces. A result of their analysis is shown in Figure 7.
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Figure 7:Time-evolved flow structures (velocity magnitude) of a vertical plate in a cross flow
using LES method.
LES method was able to predict the von Mises stresses on the flat plate. It found that the von
Mises stresses are larger near the fluid/structure boundary and on the tip edges. And the stresses
are small at the core of the plate. While LES models are found to be more accurate and reliable
but due to substantial computational demands, they are mostly used in small scale simulations.
Pereira et al. [19] worked with RANS turbulence model in a flow past a circular cylinder. They
assessed different RANS models to find a relatively accurate model to simulate detached flow,
dominated by three dimensional effects. Different grid numbers were used to find out the grid
dependency of turbulence models. The comparison of 2D and 3D RANS predictions in the study
indicates a large improvement of the results when a 3D computational domain is used. This
improvement leads to an approximate 50% reduction of the discrepancies between numerical
predictions and experiments. A comparison between 2D and 3D RANS is presented in Figure 8.
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Figure 8: Vorticity field and Streamlines for RANS models. Results obtained in 2D and 3D
Computational Domain. (Grid 3 is finer than Grid 6).
The predictions with 2D RANS show a flat vortex at the center of the cylinder, 3D RANS
using symmetry boundary conditions leads to a longer vortex. A substantial improvement of
RANS predictions is visible when 3D computational domains are used. This simple change in
physical settings leads to remarkable reductions of the discrepancies among RANS predictions
and experiments which may surpass 50%. This study also presented a comparison of time
averaged axial velocity at the center line between RANS model and two experimental results.
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They used six different grids where g-1 is the finest grid and g-6 is the most coarse. The results
were found to be in good agreement with the experimental ([20],[21]) results.
A comparison between the experimental and numerical data from LES and RANS models
are presented in Figure 9. The figure was presented by analyzing the stream vortex. LES
methods seems to resemble the experimental data more accurately than RANS is. Unless cyclic
boundary conditions or the wider domain is used, RANS lead to poor predictions. On the other
hand, LES is capable to improve the results, leading to reasonable resemblances with the
experiments.

(a)

(b)
Figure 9: Numerical and Experimental Data Comparison for (a) LES [18], (b) RANS [19].
1.1.2.2.

Chemistry Interaction Models:

For Combustion application The Eddy Dissipation Concept (EDC) is a popular
turbulence chemistry interaction model for CFD analysis. In this model, chemical reactions are
assumed to occur in the fine structures of the computational cells. The EDC model evaluates the
volume of each cell, where mixing on a molecular scale is occurring. It can picture Kolmogorovsized eddies containing reaction species, which is so close together that it captures mixing on
molecular level. Breussin et al. [22] performed a CFD analysis of natural gas and oxygen
combustion.
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Figure 10: Comparison between measured and predicted axial velocity, temperature, and oxygen
for a jet flame inside a refractory lined furnace. Legend: o Measured data, predictions with the mixed is burned model and − predictions with the equilibrium
model.
They modeled nine oxy-methane gas flames of 0.78 MW thermal input and found good
predictions for the fluid dynamics, temperature, and main chemical species concentration fields
(O2, CO2). The study used both an Eddy Dissipation/mixed-is-burned approach and an
EDC/chemical equilibrium approach. The mixed-is-burned model did, however, fail in
predicting CO properly. In all the flames predicted, the equilibrium model showed to be superior
to the mixed-is-burned model. The temperature and species concentrations predictions were
better, since the effect of molecular dissociation has been accounted for. The study concluded
that EDC with thermodynamic equilibrium procedure is a good predictor for oxy-combustion
when used in a model for the above-mentioned parameters. The mass and energy balance are
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well satisfied which results in good predictions of flue gas temperature and main chemical
species mass fractions. EDC is more accurate in predicting compared to Eddy -Dissipation or
Finite Rate method [22], [23]. Also, with this method residence time of combustion is 10-4 to 103

s and complete conversion of CH2 to CO2 is 10-3 s. Hence, this approach is superior in prediction

CO. Breussin et al. presented a comparison between experimental and predicted axial velocity,
temperature and O2 concentrations in the for a jet flame. The results are presented in Figure 10 .
1.1.2.3.

Radiation Models:

In modelling combustion, the accurate calculation of heat transfer by radiation is essential
to ensure good predictions for the flame temperature and because of coupling with chemical
reactions, turbulence, and pollutant prediction. Incorrect prediction of the radiation and
temperature fields can have a detrimental effect on the prediction of combustion products and
emission of trace species. Radiative emission is essentially calculated by solving the radiative
transfer equation (RTE). The RTE is presented in Eq. (1) [23].
𝑑𝐼𝜆 (𝑟,
⃗⃗ ⃗⃗𝑠 )
𝜎𝑠𝜆 1 4𝜋 ′
= −(𝑘𝛼,𝜆 + 𝜎𝑠𝜆 )𝐼𝜆 ( 𝑟⃗⃗ , 𝑠⃗⃗ ) + 𝑘𝛼,𝜆 𝐼𝜆,𝑏 +
∫ 𝐼 ( ⃗⃗𝑟 , 𝑠⃗⃗ ) 𝜙( 𝑠⃗⃗ , 𝑠⃗⃗ )𝑑Ω
𝑑𝑠
4𝜋 2𝜋 Ω=0 𝜆

(1)

Here, 𝐼𝜆 (𝑟,
⃗⃗ 𝑠⃗⃗ ) is the intensity at a particular wavelength 𝜆, position 𝑟⃗⃗ in direction and 𝑠⃗⃗
is absorption and scattering as emission or in-scattering travels. Spherical harmonics(P1)
method, the discrete ordinates method (DOM) and the discrete transfer ray-tracing method
(DTRM) are a few robust methods to approximate the solution of RTE. However, DTRM
methods is not suitable for combustion environments with high char and ash as it’s only
applicable for non-scattering medium [24]. P1 method uses the assumption that the radiation
intensity can be expanded into a series of spherical harmonics. However, this assumption is also
it’s drawback because that way radiation intensity depends linearly on the direction cosines. It’s
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less accurate in situations where radiation intensity shows strong angular dependence. On the
other hand, DOM utilizes a different approach by splitting the solid angle into several discrete
directions. It assumes that the radiative intensity is constant within each division of solid angle.
The method is more time consuming than the P1 method because the solution required
calculation in many different directions. Figure 11 is presented by R. Porter et al. [23] which
shows that data using the non-gray sub model is in better agreement with the benchmark data
than the gray sub model solutions. The simulation was done for oxy combustion and the
combustion environment contains 85% CO2, 10% H2O and 5% N2 by volume which resembles
the dry recirculated flue gas (RFG) oxy combustion. Peak combustion temperature is 1800 K and
according to Figure 11(b) peak heat flux is 32 kW/m2.
Both Monte Carlo and DOM methods produce accurate results, but they require large
computational time. Besides that, Monte Carlo algorithm is highly incompatible with CFD grids.
On the other hand, surface to surface radiation model uses a deterministic method by calculating
the view factors beforehand. It adds several linear equations at the end of each iteration to solve
for radiation heat transfer. This is a computationally expensive process, but it is only needed to
be done once given the mesh and the computational domain remain the same during the
simulation. Also, there are ways to speed up the calculation of the view factor using mesh
manipulation. Hence, surface to surface radiation is the optimum choice for simulations with fine
grid.
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(a)
(b)
Figure 11: (a) Comparison of net radiative heat flux centerline. ♦♦♦♦ Benchmark Data, xxxx
DOM with non-gray sub model, +++ DOM with gray sub model, (b) Calculated
incident radiation in central plane (w/m2) using DOM with gray FSCK model.
The spectral nature of radiation is very important aspect in the gas radiation modeling.
Radiative properties of the combustion gasses are needed to be defined accurately since the heat
is essentially being transferred through the gas medium.

Simple grey gas model (SGG),

Multiband thermal radiation model, Weighted sum of grey gas models (WSGG) are few popular
methods used in modeling to define the radiative properties [25]. SGG model considers that the
effective absorption coefficient as the main parameter controlling the radiative properties of a
gas mixture and assumes that radiant absorption and emission by gas molecules to be
independent of the frequency of the radiation. However, under these assumptions SGG model
ignores the radiation scattering which is a major source of the predictive inaccuracy of the
combustion model while evaluated against experimental localized data. The WSGG gas radiative
properties models are developed based on the concept of weighted sum of the absorption
parameters of the grey gases. Example of these models is Hottel and Sarofim’s gas radiative
properties model [26]. Total emissivity is evaluated in terms of the weighted sum of grey gas
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properties, and it is useful especially for the zonal method of analysis of radiative transfer.
However, all the WSGG model parameters like, weighting factors and absorption coefficients are
intended for air-combustion conditions. Use of these models in oxy- combustion is limited due to
the insufficient validation of the property parameters. Pressure path-lengths and ratios of H2O to
CO2 in oxy-fuel combustion are drastically different from that of conventional combustion [27].
The wide band model is based on a physical analysis of gas absorption. This model provides a
set of semi-empirical expressions to predict the total band absorptance of infrared active
molecules. The model is built based on the assumption that the total absorption is dependent on
three parameters: the integrated band intensity, the band width parameter and the mean linewidth-to-spacing parameter. This approximation method is a good fit to predict radiative
properties in a wide range of temperature, total pressure range, volumetric fraction, and path
length [28].
1.2. Practical Relevance:
Oxy-fuel combustion with CO2 capture and storage is considered as one of the key and
promising power generation technologies for cutting down CO2 emissions while reducing fuel
loss. By the year 2050, the emission levels of CO2 are expected to be increased by about 70%
compared with the present levels [29]. The huge world energy demand forces the governments to
continue using fossil fuels and the researchers to continue developing new technologies that can
reduce the emissions of greenhouse gases while burning fossil fuels [30]. Oxy-combustion
technology can be applied in conventional combustion systems including gas turbines and boilers
with slight modifications to the system [31]. Figure 2 shows a relative efficiency and cost per
electricity unit for different power generation methods. Oxy-combustion visibly brings an
increase in efficiency and decrease in power generation cost. However, much more research is
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required to use the full potential of this technology. Power plants play major role in producing
CO2 on a global scale. Of all the technologies existing currently oxy-combustion proved to be
most fitting and cost-effective. D. Singh et al. [6] did a comparative study between oxycombustion and it’s alternative amine scrabbing method. In amine scrabbing process the flue gas
is scrubbed with MEA, an amine-based solvent in an absorption column. The MEA solvent is
then regenerated in a distillation column thereby releasing a high purity CO2 product. Figure 12
showed an economic comparison between the two methods. It shows that oxy combustion can
capture 50% of the CO2 from the flue gas at $14 less than the amine scrabbing method. A few
other studies also showed the same potential for oxy-combustion.

(b)
(a)
Figure 12: (a) CO2 capture cost for Oxy-combustion and Amine Scrabbing method, (b) Capture
cost comparison presented in different studies.
Besides the process improvements oxy-combustion has a lot of practical relevance as
well due to it’s potential to be retrofitted into the existing air fired combustors. Combustion with
air and oxygen both require the similar kind of set up even though fuel burning in an
environment of pure oxygen resulted in significant increase in the combustion temperature [32].
This necessitates the recirculation of great portion of the exhaust gases (~80% CO2) to the
combustion chamber and, based on that, combustion with RFG requires much research. There is
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a significant knowledge gap exists still in this field which must be filled before this technology
can be used with its full potential. Of all the less explored fields radiative heat transfer under
oxy-fuel conditions is one of the fundamental issues. Oxy-fuel conditions also strongly promote
radiative heat transfer, because of the much higher levels of CO2, water vapor and in-flame soot.
The different CO2/H2O ratio compared to air combustion also make radiation the most dominant
mode of heat transfer in oxy-combustion[33]. A big hurdle in modeling of radiation heat transfer
in combustion systems is to evaluate heat transfer properties at different locations [34]. This
dissertation aims to progress the research in oxy-combustion by characterizing a combustor with
experimental studies as well as computational analysis.
1.3. Project Objective:
This dissertation aims to characterize a 5 MW flex-fuel oxy-combustor through
experimental and computational studies. In recent past, quite some investigations have been done
on a pilot or laboratory scale [35] [36]. But still there are a lot of knowledge and technology gaps
remaining in this field [34]. Several studies showed that oxy-combustion has performed better on
multiple fronts which could make it a key technology in the coming energy efficient ages [6].
This technology can be integrated either with currently existing power plants with slight
modifications or with new power plants [37]. This dissertation presents a study of characterizing
a 5 MW flex-fuel (fuel flexible) oxy-combustor through experimental and computational
approaches. The 5 MW combustor was designed to run the industrial scale combustions. The
combustor was designed to be modular and compatible with multiple fuels. The experiments
were conducted at 50-110 kW range for 2 minutes runs each. Live data were obtained to
characterize and predict the combustor performance. These investigations will later be used as
base line studies for future industrial scale steady state operation. A feed system was designed
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and built to maneuver the input flows. A Data Acquisition System (DAQ) was developed to
acquire thermofluidic characteristic parameters in real time. Besides only O2/methane
combustion, tests were also conducted for a range of CO2 input to study the effect of recirculated
flue gas (RFG). The RFG ratios varied between 0-80% which is a ratio of the CO2 mass rate to
the total oxidizer flowrate. These experimental inputs are used as inlet boundary condition for
the digital twin of the combustor that was built using several CFD approaches. The second part
of this dissertation presents a computational model of the combustor which integrates a radiative
heat transfer model of the combustion process and a thermo-mechanical model of a solid
combustor body.
In the second part a detailed CFD analysis is conducted to develop a radiative heat
transfer model and evaluate it against the experimental data. A digital counterpart of the
combustor was built by integrating different physics-based models to simulate the experimental
conditions. The models were selected based on their accuracy and efficiency. The simulations
are done for pure O2/methane combustion for 50-110 kW firing input range. Results are also
presented for combustion in a diluted environment. 110 kW oxy-combustion with 10-80% CO2
dilution are simulated and the results are validated with experiments. The experimental setup is
capable of measuring radiation properties at several designated locations. To address the issue of
heat transfer model evaluation at different locations, the digital counterpart is designed to predict
similar data at those designated locations as the real life one. The results are also analyzed to
understand combustion characteristics and combustor performance. These characteristics
analysis will later be used as baseline studies for future operations and resulted properties can be
validated by further experimental investigations in future. Combustor performance is the major
factor in designing the scaling up operation and steady state fuel burning. The model will be used
to predict the combustor performance while saving experimental resources by cutting down
redundant combustion conditions.
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Chapter 2: Design Methodology
The design methodology of an oxy-combustion experiment will be discussed in this
chapter. The combustor body houses the combustion. It is designed to have operational
capability at supercritical conditions (20 bar pressure and 3000K) so that the knowledge from
this study can be used in pressurized oxy-combustion cycles. A feed system was built with
measuring instruments which can control the fluid flow and can read live thermofluidic data to a
high accuracy. To analyze the combustion process live data measurement is necessary. Hence a
data acquisition system (DAQ) was built to measure and record the thermofluidic parameters as
the combustion is happening. In this section, design methodology of the combustor, the feed
system and the DAQ system will be presented in the first part. The second part contains the
design methodology of the CFD model. The model will simulate combustion using experimental
boundary conditions and it can generate data similar to the ones acquired in real life. The solid
modeling, physics models, mesh analysis, input conditions will be discussed in that part. Based
on the analysis several modifications are proposed to upgrade the combustor for better fitting
into the industry setting.
2.1. Combustor Design Methodology:
The design of the combustor is governed by the unique requirements of oxy-combustion
and the manufacturing capability. The design parameters are set to contain a supercritical
industrial scale oxy-combustion. Combustion conditions are set by extensive literature review
and numerical analysis.
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2.1.1. Governing Parameter Analysis:
The system is designed to have the capability of operating with multiple fuels including,
methane, coal and H2. Combustion temperature of a O2/CO2/Coal environment was found by
Shaddix et al. [38] in a study in Sandia National Lab to be around 2500 K. A NASA CEA code
was developed to predict the flame temperature that the combustor will facilitate. The code was
compared with the findings of the Sandia Lab for validation. Figure 13(a) shows the flame
temperature presented by the Sandia study. The study presents coal combustion in air, O2/CO2
and O2/N2 environment. Figure 13(b) presents a calculated flame temperature of O2/CO2/CH4
combustion using NASA CEA. The code settings used for the numerical calculation was
validated by calculating the similar condition combustion as [38]. The validated values are also
presented in the figure. As per the analysis, oxy methane combustion should reach around
3000K. This condition was applied while designing the combustor body.
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Figure 13: (a) Oxy coal combustion in air, O2/CO2 and O2/CO2 environment, (b) Flame
temperature calculated using NASA CEA code. Tad for O2/CO2 coal combustion and
air combustion are validated with Shaddix et al. [38].
Parametric analysis on different power cycles were conducted to find an operating
pressure requirement for the combustor. The combustor will eventually be integrated into a
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pressurized steam cycle. The optimum pressure setting for efficient energy extraction using the
cycles will determine the operating pressure of the combustor. In the current study, two major
pressurized oxy-coal combustion cycles with recirculation are analyzed: TIPS and ENEL. The
cycle configurations are presented in Figure 4. ASPEN PLUS® was used to simulate the
thermodynamic process of the cycles.

(a)
(b)
Figure 14: (a) Cycle efficiency for TIPS at different recirculation ratios, (b) Cycle efficiency for
ENEL at different recirculation ratios
Figure 14 present the change of efficiency with the change of recirculation ratio for
ENEL and TIPS. TIPS efficiency ranges from 26% to 37%, where the minimum value occurs for
a condition at 10 bar and 20% recirculation ratio. The maximum efficiency occurs for TIPS at 80
bar and a 75% recirculation ratio. For ENEL, efficiencies range from 24% to 38%, with the
minimum efficiency occurring at 1 bar and 20% recirculation ratio. The maximum efficiency
occurs at 12 bar and a 75% recirculation (RFG) ratio. Although the combustion temperature and
efficiency results show that the product gas temperature decreases with the increasing RFG ratio,
thermal efficiency of the cycle increases [14]. The efficiencies are high at high RFG is because
the increasing mass input of CO2 lowers the heat capacity of the exhaust which in turn increases
the available heat to be extracted. Since all the exhaust gases pass through the combustor to the
heat exchanger, increasing the recirculation ratio directly increases the heat transfer for the
system. For the ENEL power cycle for each recirculation ratio, cycle efficiency increases with
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the combustion pressure. On the other hand, the efficiency of TIPS cycle becomes steady after
45% RFG input which proves that ENEL will be a better fit in a system with recirculation
capability. For ENEL, the increase in cycle efficiency is 10% at a recirculation ratio of 20%,
while the increase in cycle efficiency is only 1.5% at a higher recirculation ratio of 75%, and
these values are for a pressure range of 1–12 bar. For TIPS, the cycle efficiency increases by 4%
at the recirculation ratio of 20% and increases by 3% at the recirculation ratio of 75% for a
pressure range of 50–80 bar. From all these analyses, it can be concluded that ENEL is a better
fit for a O2/CO2/fuel combustion. The maximum efficiency for ENEL was found at 12 bar.
Considering that as a baseline the combustor was designed to operate at 20 bar including a safety
margin.
2.1.2. Combustor Design Considerations:
The primary design decisions were made by mechanical analysis. Flames in oxycombustion is hotter than conventional combustion which requires an unique design. The
combustor requires a strong and highly heat resistive metal. Also, the thickness and the diameter
of the body are crucial parameter as the burner body’s sustainability depends on these
parameters. The thickness and the inner diameter of the combustor was fixed after analysis so
that it can facilitate a 5 MW oxy-combustion. The combustor body used in this study is a vertical
one. This configuration is required for coal burning so that the ash can be separated using
gravity. Mechanical analysis was done to find the compatible flange and welding configuration
to keep the vertically hanging metal combustor attached and in place.
In order to find the material of the combustor, yield strength of different materials with
temperature were compared to each other. The search was constricted to steel because this kind
of material is widely available, inexpensive, and easy to manufacture comparing to other
materials. The research group had an already built combustor with a methane burner made with
Stainless Steel 410 previously used [39] at 232 kW and 16 bar where the wall reached at 325oC.
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This inherited combustor is studied to find out if that design parameters can be reapplied for the
new combustor with different operating conditions. The methane burner will act as a pilot
burner. In Figure 15, 300-series steels and carbon steels were compared to Stainless Steel 410.
The mechanical properties of the metals are obtained from the AISI data sheet. The difference in
yield strengths between SS 410 and other materials is clearly visible. It was clear that SS 410 is
the material with the highest temperature endurance than the other options. For this reason, it
was decided that SS 410 is the optimum choice as material for the combustor body, flanges (to
avoid any mismatch referring to thermal expansion) and front and end caps.
700

Yield Strength, MPa

600
500
SS 410

400

SS 304
300

SS 310
SS 316

200

ASME 106

100
0
0

100

200

300

400

Temperature,

500

600

700

800

0C

Figure 15: Yield Strength vs Temperature for different Steel
Since the high-pressure combustor is a cylindrical vessel that will be operated at a
pressure of maximum 10 bar, it is analyzed using the thick-walled pressure vessel model. It was
assumed that the pressure inside the combustor is uniform and positive while on the outside it is
atmospheric pressure. The formula for thick-walled hoop stress is,

𝜎ℎ =

𝑟𝑖2 𝑃𝑖 −𝑟𝑜2 𝑃𝑜
(𝑟𝑜2 −𝑟𝑖2 )

+

(𝑃𝑖 −𝑃𝑜 )𝑟𝑖2 𝑟𝑜2
(𝑟𝑜2 −𝑟𝑖2 )𝑟𝑖2
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(2)

Where, 𝑟𝑜 is the outer diameter, 𝑟𝑖 is the inner diameter, 𝑃𝑜 is the outer pressure and 𝑃𝑖 is the
inside pressure. The vessel will have a very high temperature on the inside and atmospheric
temperature on the outside. This high temperature difference will cause a thermal stress on the
combustor body. The thermal stress was calculated using the following equation:
𝐸𝛼𝑞𝑡

(3)

𝜎 = 2(1−𝜗)𝑘

Where, E is Young’s Modulus, α is the coefficient of thermal expansion, q is the heat flux, t is
the thickness, υ is Poisson’s ratio of the material and the k is the thermal conductivity. The
formula for heat flux is,
𝑞=

𝑘 (𝑇𝑤𝑔 −𝑇𝑤𝑎𝑖𝑟 )

(4)

𝑡

Where, 𝑇𝑤𝑔 is the temperature of the wall from the hot gas side and 𝑇𝑤𝑎𝑖𝑟 is the temperature of
the wall from the air side. By substituting (4) into (3), the resulting thermal stress equation
becomes:
𝜎𝑡 =

𝐸𝛼 (𝑇𝑤𝑔 −𝑇𝑤𝑎𝑖𝑟 )

(5)

2(1−𝜗)

Change in the total thermal stresses varied with the thickness and radii of SS 410 was calculated.
Figure 16 represents the total stresses at 325oC, the limiting temperature in which the pilot
burner test was operated. At this temperature the Yield Strength of the steel is around 630 MPa.
The objective was to select a thickness and radius that have a safety factor of 1.4. Over
thickening the walls are avoided to lower the manufacturing expenses.
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Figure 16: Total Stress at 325oC vs Thickness, for several Radii
All the conditions shown above satisfy the safety factor criteria. The inner diameter was
selected to be 11 inches and the initial thickness was selected to be 3.5 inches. These dimensions
match the dimensions of the inherited combustor. From the previous experiments it was
confirmed that these dimensions are optimum to manufacture and to run safe experiments at the
required operating conditions. The thickness of the steel was reduced later on to lower the body
weight. However, the inner and outer diameters were kept same. A refractory liner was set to fill
the void of the steel wall which acts as an insulator. The liner will be discussed later in this
chapter.

To find the suitable flange for the combustor body analytical calculations were made. The
stresses on the flanges were analyzed and based on that the pressure rating was chosen for the
suitable flange class. The equation for the operating forces on the flange is,
𝐹𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 = (𝑃 ∗ 𝐴𝑓𝑙𝑎𝑛𝑔𝑒 + 𝑊𝑒𝑖𝑔ℎ𝑡) + 𝑃 ∗ 𝐺𝑒𝑓𝑓 + 𝐺𝐹𝑠

(6)

Where, P is the operating pressure, A flange is the area of the flange, Geff is the gasket effective
area and GFs is the gasket sealing force. High temperature-high pressure commercially available
metallic gasket with graphite filler was selected for the flanges. Stainless Steel bolt with a tensile
28

strength of 483 MPa was selected. The highest force the flanges will have to carry is found to be
1570 kN and the required bolt area is 5 in2. To meet the requirements SS 410 class flange is
selected. Flange of the same material as the combustor body was chosen to minimize the thermal
mismatch. Also, for 410 SS working pressure at 400oC is 28.4 bar. And for 300 class, total bolt
area is 36 in2 which means more bolts are required while using a flange with this class compared
to 410 SS. In order to attach the combustor cylinder with the flange welding will have to be
done. The height and material of the weld should be chosen carefully so that it can withstand the
stress due to the operating pressure and weight of the whole combustor. Since in this case the
combustor cylinder and the flange are two metal body whose central axis are perpendicular to
each other transverse fillet joint will the best choice for that. Total allowable stress on the weld
is,
𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 = 𝜙𝑅n = 0.75 ∗ 𝑓𝑤 ∗ 0.707𝑎 ∗ 𝐿

(7)

Where, fw =Ultimate Shear Strength= 0.6*Tensile Strength
And the operating conditions are,
Operating pressure = 10 bar
Mass = 2.5 ton = 2268 kg
Weight = 2268 kg* 9.8 m/s2 = 716 kN
Operating stress = Weight+ Operating pressure = 393 MPa
Material for the weld was chosen to be 410 SS. Material for both the metal body and weld were
same to minimize thermal mismatch. Weld of 410 SS has a tensile strength of 552 MPa. Now
according to the equation stated above for a weld height of 0.05 in (a=0.05 in) allowable stress is
546 MPa which far above 393 MPa. So, considering the total operating stress and material
strength it can be concluded that 0.05 in weld height should be enough to put between the flanges
and the combustor body.
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Figure 17: Cross section of a transverse fillet weld
2.1.3. Combustor Body Design:
The combustor body has three different parts. They are, powerhead, main burner body
and exhaust body. The bodies are attached together with flanges. Figure 18, shows a CAD of the
full combustor assembly. The power head is the top portion of the combustor which is
compatible with multiple gaseous and slurry fuels. The main burner body is the middle and
crucial section as this is the closest section from the flame. Also, this body also contains for three
sensor ports and visual windows to collect data for research purpose. The conical exhaust is the
bottom most body which has a choke valve to control the upstream pressure and has sprinkler set
up to cool down the exhaust gas. In this section, the design methodology of the combustor body
is described.
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Figure 18: Exploded view of the full combustor CAD assembly
The powerhead houses three different types of burners. The burners are, one pintle
injector, two methane burners, and two igniters. The pintle injector is used to inject coal-water
slurry into the combustor. The methane burners are used with only methane in this experiment,
but they are compatible with all gaseous fuels. The powerhead is designed as a tapered cap that
will hold the burners at a 45˚ angle. This position would minimize the collision of the flame tips
of the main burners. The powerhead is built with SS 410 and has a wall thickness of 3.5 inches.
It has an outer and inner diameter of 18 in and 11 in, respectively. Four different ports with
screw holes at 450 are designed to integrate the burners. In those holes two igniters and two
methane burners are placed across each other. A cross section of the power head through the
main burners and the igniters are presented in Figure 19. For this study one of the igniter
windows was replaced with a quartz glass window. This gives visual access to the combustion
zone through the transparent quartz. A heat flux sensor is placed on top of it which measures heat
flux by spectral irradiation.
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(a)

(b)
Figure 19: (a) Cross-section of Powerhead through methane burners, (b) Cross-section of
Powerhead through igniters
The down fired pintle injector is set up to use coal slurry fuels for oxy-combustion. The
injector’s vertical position facilitates the solid fuels to travel down and ignite in the hot zone of
the combustor. The design is presented by Choudhuri et al. [40] for implementing in pressurized
oxy-coal combustion. The coal-slurry mixture is sprayed radially, and the oxidizer flow impinges on
the slurry axially. This creates atomization and combustible coal water particles. The pintle injector
has swirlers attached to the oxygen outlet to increase atomization rate. This oxygen line is repurposed
as dilution line to supply the CO2 into the combustion chamber during oxygen/methane combustion.
The methane burners use shear-coaxial injection method. The shear-coaxial injector utilizes the shear
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forces between the fuel and oxidizer to disintegrate into ligaments and to mix. The shear forces are
driven by the momentum flux difference between two streams.
The two governing parameters for designing the coaxial injectors are velocity ratio (V.R) and
momentum flux ratio (J). The formulas of these two non-dimensional parameters are,

𝑣𝑚𝑒𝑡ℎ𝑎𝑛𝑒
𝑣𝑜𝑥𝑦𝑔𝑒𝑛
2
(𝜌. 𝑣 )𝑚𝑒𝑡ℎ𝑎𝑛𝑒
𝐽=
(𝜌. 𝑣 2 )𝑜𝑥𝑦𝑔𝑒𝑛
𝑉. 𝑅. =

(8)
(9)

The velocity ratios are kept between 4.85 to 7 and the momentum fluxes are kept between 12
to 20 while designing the methane burners. Lux et al. [41] uses similar ranges of velocity ratios and
momentum flux ratios to design high-pressure liquid oxygen/methane coaxial injectors. The picture
of a methane burner is presented in Figure 20.

Figure 20: Methane burner
The methane burner operating conditions are shown in Table 1.

Table 1: Methane burner Operating Conditions
Main Burner

Power Input (kW)

50 – 200

Maximum Pressure (bar)

20

CH4 mass flowrate (kg/s)

0.004

O2 mass flowrate (kg/s)

0.016
33

CH4 velocity (m/s)

18.20

O2 velocity (m/s)

3.75

Momentum flux ratio

≈12

Two different igniters are used to initiate the combustion. The torch igniters use standard 1/432 spark plug as it’s ignition source. The ignition source is a standard 1/4–32 spark plug connected to
a 12 W power source with a signal generation of 150 Hz. The produced excitation voltage is 12 kV.
The igniter design is obtained from Sanchez et al. [42]. In the torch ignition system has internal swirl
injection system. Because of this swirl system the mixing of the propellants is governed by the
momentum of the colliding streams. Oxidizer stream is impacted by four tangential fuel inlets as it is
flowing axially through the igniter. This impact creates swirls which mixes the propellants prior to
ignition. Swirl injection also provides some film cooling, as the fuel is directed towards the walls of
the combustion chamber. The oxygen gas is injected through the center of the igniter, whereas the
methane gas mixes vertically. The inlet connections for the fuel and oxidizer inlets are 1/4-inches and
3/8-inches tubing, respectively. The picture of the ignitor systems is presented in Figure 21. Figure

22 presents a picture of the powerhead assembly on the test stand. The powerhead has feedlines
attached to it to deliver the oxidizer and the fuels into the chamber.

(b)
(a)
Figure 21: (a) Torch igniter design, (b) Cross section view of the igniter manifold.
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The Igniter operating conditions are presented in Table 2.

Table 2: Igniter Operating Conditions
Inlet Igniter Port Pressures (bar)

8 – 13

Combustion Chamber Pressure (bar)

5- 10

Mixture Ratio

1-3

Maximum burn time (seconds)

5

Igniter Body Temperature (°C)

Up to 526

Figure 22: Powerhead assembly with the feedlines
The main burner body of the combustor has an inner diameter of 16 inches and an outer
diameter of 18 inches. In a high-pressure combustion, it’s challenging to ensure optical access as the
access ports will become stress concentration points and become critical point to failure [43].
However, this combustor is designed to house high pressure combustion while uses windows with
quartz glasses to provide access inside the burner. The burner has two sensory ports and one visual
ports. The sensory ports are across from each other and can accommodate pressure transducers or
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thermocouples which can investigate the combustion conditions inside. The visual port can be used
to study flame through optical diagnostics as it is a non-intrusive sampling methods of the flame
temperature and exhaust composition [44]. The visual port is slanted at an angle that it can provide
optical access to flame ignition zone. The burner body is designed to sustain in a high pressure and
high temperature combustion where the temperature and pressure change rapidly. The combustor
body is designed to be modular and connected with other parts of the combustor with flanges. It can
withstand up to 100 bar pressures.

(b)
(a)
Figure 23: Exploded view of burner body CAD, (b) Cross sectional view of the burner body
through the visual port.
The burner body has 40 thermocouple (TC) ports. The thermocouples are placed in four
columns spread across the perimeter of the cylindrical body at an equal distance from each other. The
angular distance between the columns are 900 and that way the four columns can provide a more
symmetric and uniform temperature distribution along the combustor body. The thermocouples have
1/8-inch probe diameter, and the probes are embedded within the wall of the combustor so that they
can measure the near wall temperatures. The thermocouples are installed inside drilled holes on the
outer wall which have a depth of 0.9 inches into the walls and only 0.1 inches thick solid metal wall
between the TC probe and alumina liner. The distance between the thermocouples and the port
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diameters are presented in the outer body blueprint in Figure 26(a). An exploded view and a cross
sectional view of the main burner body CAD is presented in Figure 23(a). Figure 23(b) shows the
cross section of the burner body. The cross-sectional view shows the refractory liner inside the body.
The refractory liner is made with Alumina (aluminum oxide) and act as a heat insulator. The liner has
the equal outer diameter as the burners inside diameter (16 inches), so it can slide through the top of
the combustor. A ledge built at the very bottom of this body will hold and support the liner. Even
though the liner will protect the metal body from the excessive heat of oxy combustion, it is prone to
failure when thermal shock is present in the combustion. Also, when the burnt ash from fuels can
sinter and fused on the liner body due to the high inside temperature. For these risks, in proposed

design the liner can be changed periodically. A picture of the main body with the liner inserted is
presented in Figure 24.

(a)
(b)
Figure 24: (a) Main burner body with the white refractory liner inside, (b) Alumina refractory
Liner

An exhaust manifold has the similar wall thickness and an outer diameter as the burner
body. This tapered section is attached at the end of the burner body to guide the exhaust gas
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outside. For solid fuel it can accommodate a sprinkler system and a collection bag. The ashes and
the water will collect at the bottom of the exhaust manifold. This portion of the system is
designed to be modular, which allows it to be modified for different test durations and to allow
for waste extraction. The diameter for the outlet port is 6 inches which is wide enough to
accommodate a cleaning device to remove any ash that impinges onto the wall. Also, an end
plate can be attached with flanges to keep the combustor pressurized. A picture of the real-life
combustor and the vertical test stand where the experimental set-up is built on is presented in
Figure 25.

(a)
(b)
Figure 25:(a) Vertical Test Stand, (b) Combustor assembly

2.2. Computational Model Design Methodology:
A digital counterpart of the combustor was developed using Star CCM+ commercial
software. The computational model was built based on the experimental combustor. It’s an
assembly model of the combustor solid body and the fluid domain of the combustion
environment. Simulations were performed to predict the heat flux, flame temperature and other
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thermodynamic properties of oxy-methane combustion. Boundary conditions were kept similar
to the experimental ones so that the model’s fidelity can be validated with the experimental data.
The model will eventually be integrated into a digital twin of the whole combustor setup which
should be able to predict accurate outcomes when used in an industrial power setting. In this
section, the computational model development of the oxy-combustor will be discussed.
2.2.1. Geometry and Mesh:
The simulation is performed in 3D domain to accurately simulate the directional
properties. The geometry consists of the powerhead and the main burner body section of the full
combustor assembly. Exhaust section has minimum effect on the combustion properties as it’s
the farthest away from the flame zone. So, exhaust body is ignored to reduce computational time.
Connecting bodies like, flanges, bolts, gaskets are also ignored for the same reason. In the model
geometry the powerhead has the quartz window body on it which will calculate the data heat flux
sensor should read in the experiment. The powerhead is attached with the main body burner
geometry. Main burner body consists of solid parts of two different materials. The outer most
wall is built with stainless steel 410 and has a wall thickness of 1 inch. Thirty thermocouple
holes were designed in three columns to accurately evaluate the body temperature with
experimental results. Inside of the metal body the refractory liner sits which has 2.5 inches wall
thickness. The liner surrounds the fluid combustion domain and has insulating properties.
Blueprints of the main burner body and the insert liner from the computational geometry is
presented in Figure 26. The fuel and oxidizer inlets of the fluid domain has the similar location
and set up as the experimental body. Initially the fluid domain consists of only air, that changes
as the combustion progresses. It has one pressure outlet at the very bottom. Dimensions and
material properties of different parts of the model geometry are presented in Table 3.

Table 3: Dimensions of the Computational Geometry
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Part Name

Powerhead
Main Burner Body
Refractory Liner
Quartz Window

Outer

Wall

Density

Specific

Thermal

Diameter

Thickness (in)

(kg/m3)

Heat

Conductivity

(in)
18
18
17
5.5 (cylinder
diameter)

3.5
1
2.5
3

7800
7800
2660
2650

(j/kg-K)
460
460
428
670

(W/m-K)
25
25
1.7
1.4

(b)
(a)
Figure 26: (a) Blueprint of the SS410 outside body, (b) Blueprint of the Alumina Liner
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Details of the inlet ports are presented in Table 4. The cross-sectional view, the top view and
the different material domain of the model geometry is shown in Figure 27.

Table 4: Dimensions of the Computational Geometry
Inlet Port

Number

Diameter (in)

CH4 Port

2

0.25

O2 Port

2

1

CO2 Port

1

6

Outlet Port

1

11

Figure 27: (a) Cross section of the model geometry, (b) Top view of the model geometry,
(c) Different material domain of the model geometry.

The geometry model was sliced into a finite-volume cells to represent the solution domain
and the lattice of these cells are called mesh. In this study Star CCM+ built in mesher was used to
generate the finite-volume mesh. This choice was attractive because Star CCM+ has a great
capability to generate cells in arbitrary, polyhedral shape. To mesh the boundary and interface layers
prism layer mesher was used which generates prismatic cell layers next to the boundary surface and
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can capture the viscous boundary layers accurately. Total number of prism layers used for the
boundaries are four. Polyhedral mesher was used to generate the solid and fluid volumes. This
mesher generates a volume mesh that is initially composed of tetrahedra, which are then converted to
polyhedral-shaped cells. The reference length value for all relative size controls is called base size
and this value determines the mesh density for a geometry. In this study the base size was kept 18
mm. Total number of cells is 408,493 and total number of faces is 1,879,808. The whole-body mesh
and mesh of a cross section through the quartz window is presented in Figure 28. For cell aspect
ratio values close to unity is preferable for accurate result and the mesh body in this model has
average cell aspect ratio of 0.95. Overall average cell quality is 0.93 where 1 means the best cell
quality and 0 means the worst.

Figure 28: Whole body mesh (left), Cross sectional view of the meshed body (right).
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2.2.2. Governing Models:
Star CCM+ solves Reynolds Average Navier Stokes (RANS) equations to simulate the
flow field. RANS models are the most economical approach when it comes to complex fluid
flow problems [17]. In this technique, the Navier Stokes equation is evaluated based on average
and fluctuation components of pressure and velocity. The conservation of mass or continuity
equation can be written as:
𝛿𝑝
+ ∇. (𝜌𝑣) = 0
𝛿𝑡

(10)

The conservation of momentum in an inertial reference frame can be written as:
⃗)
𝛿(𝑝. 𝑉
⃗𝑉
⃗ ) = −∇𝑝 + ∇. (𝜏̿) + 𝜌𝑔 + 𝐹
+ ∇. (𝜌𝑉
𝛿𝑡

(11)

Here, 𝑝= static pressure,
and 𝜏̿ = stress tensor.
The stress tensor is described as:
2
⃗ + ∇𝑉
⃗ 𝑇 ) − ∇. 𝑉
⃗ 𝐼]
𝜏̿ = 𝜇[(∇𝑉
3

(12)

Here, 𝜇 is the molecular viscosity and 𝐼 is the unit tensor. The equation for the conservation of
energy is given as:
𝛿(𝜌𝐸)
⃗ (𝜌𝐸 + 𝑝)) = −∇. (∑ 𝐻𝑗 𝐽𝑗 ) + 𝑆ℎ
+ ∇. (𝑉
𝛿𝑡

(13)

𝑗

Here, source term 𝑆ℎ contains defined heat source if there is any.
2.2.3. Chemistry Reaction Model:
Several simplified finite rate reaction mechanism of methane oxidation has been
proposed in the literature [45], [46], [47]. Brink et al. [47] compared an equilibrium approach
with three-step irreversible mechanism, the four-step mechanism suggested by Jones and
Lindstedt [46] and a detailed mechanism suggested by Glarborg. At fuel-rich conditions, the
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accuracy of the three-step irreversible model was less satisfactory, whereas the four step
mechanism performed better and correctly approached the equilibrium composition at long
residence times. On the other hand, the two step mechanism is much simpler but has a low
accuracy compared to the four step method. The fourstep mechanism was reported to be an
optimum choice considering accuracy and computational effort. The Jones and Lindstedt (JL)
four step mechanism can be applied for several hydrocarbon fuels. The following steps are
involved for methane combustion:
CH4 + 0.5 O2 → CO +2H2

(JL1)

CH4 + H2O → CO +3H2

(JL2)

H2 + 0.5 O2 ⇆ H2O

(JL3)

CO + H2O ⇆ CO2 + H2

(JL4)

The mechanism consists of two irreversible reactions, (JL1) and (JL2), describing the initial
oxidation steps of a hydrocarbon. The two reversible reactions, (JL3) and (JL4), control the rate
of reaction for CO and H2. The JL mechaism works satisfactorily under oxy-fuel conditions but
a modified approach was proposed by Andersen et al. [48] to improve the CO prediction in the
flame zone. The rate coefficients for the modified JL mechanism of methane combustion are
displayed in Table 5 [48]. JL four step mechanism was used with these modified kinetic rate data
to develop a combustion reaction model which would be integrated into the computational
model.
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Table 5: Kinetic rate data for modified four step JL method- units in cm, s, cal, mol
Reaction Number

A

β

Ea

Reaction Orders

JL1

7.82 x 1013

0

47.8 x 103

[CH4]0.7[O2]0.8

JL2

3.00 × 1011

0

30 x 103

[CH4][H2O]

JL3 (modified)

5.0 × 1020

-1

30 x 103

[H2]0.25[O2]1.5

JL3 (reverse)

2.93 x 1020

-0.877

97.9 x 103

[H2]-0.75[O2][H2O]

JL4

2.93 x 1012

0

20 x 103

[CO][H2O]

2.2.4. Turbulent-Viscosity Model:
The popular turbulence models in the commercial CFD software use the concept of a
turbulent viscosity parameter to model the solution of the RANS equations. Widely used CFD
codes use two-equation models to simulate turbulent flows and uses eddy viscosity approach to
solve for the Reynolds stresses. In this study Realizable k- ϵ two-layer model and Eddy
Dissipation Concept (EDC) were used to develop the complete turbulence model.
Introduced in 1972 by Jones and Launder [49] the K-Epsilon model belongs to the class
of two equation models, in which model transportation equations are solved for two turbulence
quantities. The standard k-ε model is a semi-empirical turbulence model based on the turbulent
kinetic energy (k) and its dissipation rate (ε). While deriving the k- ε model, the flow is assumed
fully turbulent, and the effects of molecular viscosity are neglected. Therefore, the standard k- ε
model is only valid for fully turbulent flows. The turbulent kinetic energy (k) and its dissipation
rate (ε) can be obtained from empirical transport equations (14) and (15). The turbulent viscosity
specification is, 𝜈𝑇 =

𝐶𝜇 𝑘 2
𝜖

.
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̅𝑘
𝐷
𝜈𝑇
= ∇. ( ∇𝑘) + 𝜌 − 𝜖
̅𝑡
𝜎𝑘
𝐷

(14)

̅𝜖
𝐷
𝜈𝑇
𝜌𝜖
𝜖2
= ∇. ( ∇ϵ) + 𝐶𝜖1 − 𝐶𝜖2
̅𝑡
𝜎𝜖
𝑘
𝑘
𝐷

(15)

This is the standard version of the k-epsilon turbulence model. The two-layer approach,
allow the k-epsilon model to be applied in the sublayer. In the layer next to the wall, the
turbulent dissipation rate, and the turbulent viscosity, are specified as functions of wall distance.
The values of ε specified in the near-wall layer are blended smoothly with the values computed
from solving the transport equation far from the wall. The realizable k-epsilon method was
proposed first by Shish et al. [50] which contains a new formulation for the turbulent viscosity
and can satisfy certain mathematical constraints on Reynold stresses. The realizable two-layer kepsilon model combines the realizable k-epsilon model with the two-layer approach.

2.2.5. Radiation and Heat Transfer Model:
Accuracy of radiation model depends on solving the Radiative Transfer Equation (RTE)
(1), correctly. In this study surface to surface method was used to find approximate solution of
the RTE. This method not only is a great fit for radiative scattering environments (e.g.,
combustion) but also computationally inexpensive compared to the other methods. To solve for
the spectral nature of the radiation and gas properties multiband thermal radiation model was
used. The multiband thermal radiation model can simulate diffuse and specular radiation that is
dependent on wavelength or frequency. With this model, wavelength bands specify radiation
properties of the media and surrounding surfaces.
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Conjugate heat transfer method was applied to model the heat transfer between fluid/solid
and solid/solid interfaces. Conjugate Heat Transfer analysis allows for the simulation of heat
transfer between solid and fluid domains by exchanging thermal energy at the interfaces between
them. This method of heat transfer includes both convection (between fluids) and conductive
(between solids) heat transfer, as well as both forced and natural convection. On a fluid/solid
interface the temperature in the fluid domain is solved with the heat equation which can be
written as [51],

ℎ𝑓
𝛿𝑇
+ ∇. (𝑢𝑇) −
∇2 𝑇 = 0
𝛿𝑡
𝜌𝑓 𝑐𝑝,𝑓

(16)

Here, 𝜌 is the density and ℎ𝑓 is the heat flux on fluid boundary. In the solid domain it reduces to,

∇2 𝑇 =

𝜌𝑠 𝑐𝑝,𝑠
ℎ𝑠

(17)

In the fluid/solid interface, the heat flux must satisfy the conservation of energy law. Hence.
ℎ𝑓 𝛿𝑇𝑓 ℎ𝑠 𝛿𝑇𝑠
=
𝑎𝑛𝑑, 𝑇𝑓 = 𝑇𝑠
𝛿𝑛
𝛿𝑛

(18)

2.2.6. Boundary Conditions:
A steady state pressure-based solver is used for the calculations. Non-premixed
combustion model was applied to simulate the combustion. The combustion pressure was set to
be at 1 atm (atmospheric pressure) and the atmospheric temperature was assumed as 300 K. The
combustor is filled with air initially and then gaseous methane and oxygen are injected through
the two burners across to each other. For the diluted combustion cases CO2 is injected through
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the top inlet port otherwise the port works as a wall. The locations of the boundaries on the CFD
domain are presented in Figure 29. The picture shows the fluid domain surrounding by the liner
body. The type and settings of the boundaries of an example case are presented in Table 6. The
test conditions of the example case are 110 kW firing input with 80% CO2 dilution. For a
stoichiometry ratio of 1, required CH4 mass flow rate is 2.2 g/s and required O2 mass flow rate is
8.8 g/s.
The masses of these fluids are divided equally into two and injected through the two sets
of inlet ports. This will simulate a symmetric combustion. Mass flow rate of CO2 is calculated
using the following equation.
𝑚̇𝐶𝑂2 =

(100 ∗ % 𝑤𝑡. 𝑜𝑓 𝐶𝑂2 ) ∗ 𝑚̇𝑂2
1 − (100 ∗ % 𝑤𝑡. 𝑜𝑓 𝐶𝑂2 )

(19)

Table 6: Inlet boundary conditions for 110 kW oxy-combustion with 80% CO2 dilution
Boundary

Type

Mass Flow Rate (g/s)

Temperature (K)

CH4 Inlet 1

Mass Flow Inlet

1.1

300

CH4 Inlet 2

Mass Flow Inlet

1.1

300

O2 Inlet 1

Mass Flow Inlet

4.4

300

O2 Inlet 2

Mass Flow Inlet

4.4

300

CO2 Inlet

Mass Flow Inlet

39.79

300

Outlet

Outlet

Name

300
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Figure 29: Boundaries of the CFD model

Chapter 3: Experimental Methodology
The experimental set up consists of three sub-systems, the feed system, the data
acquisition system (DAQ) and the test stand. The feed system has flow controlling valves and
different sensors on it. The feed system can be controlled remotely using the DAQ system. The
combustor is hanging from the second floor of the test stand in a vertical position. The test stand
not only facilitates the combustor but also houses the feed system. A description of the three subsystems will be discussed in this section.

3.1. Feed System:
The feed system delivers the fluids into the burner body. The fluids include methane,
oxygen, and carbon-di-oxide. It can be modified deliver coal slurry as well. The gasses are
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supplied from the gas tanks (K-bottle) which are stationed on the ground floor of the test stand.
The K-bottles are pressurized gas tanks which can be used to feed gas at a fixed pressure by
fitting pressure regulators at their outlet port. The feed system consists of different valve and
sensors. Components of the feed system are, solenoid valve, manual ball valve, thermocouples,
pressure transducers and flowmeters. A detail piping and instrumentation diagram (P&ID) of the
feed system is presented in Figure 30. The test stand is story structure. On the first floor the Kbottles and pressure regulators are fixed using gas stands. SS 316 tubes are used as fuel lines
which connect the K-bottles to the delivery system on the first floor. There are five feed lines to
deliver the CH4 and O2 which are, igniter methane line, main burner methane line, main burner
oxygen line, igniter oxygen line. And three feed lines to deliver the CO2 which not only are being
used to dilute the combustion but also are used to purge the system after every experiment. Fuel
lines for both igniter and main burner are made with ¼ inch SS 316 tube throughout. These methane
lines are built with several components placed in a certain order one after another. The components
are, relief valve, solenoid valve, pressure transducer, thermocouple, and flowmeters. All these
components have ¼ inch connecting ports. The sequence is designed to read the thermofluidic data at
the critical points and to run safe smooth combustion.
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Figure 30: Piping and instrumentation diagram of the oxy-combustion feed system

After the flowmeter the methane lines are divided into two branches to deliver the fuels
to the two burner sets. Each section has a solenoid valve and a check valve to prevent the back
flow from the combustion environment. These lines are connected to the powerhead with flexible
stainless-steel tubes. A picture of the feed system is presented in Figure 31.
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Figure 31: Feed System of the combustor
The main burner and igniter oxidizer lines have the same layout as the methane lines
except that they use different tube diameters. The igniter oxygen lines are made with ½ inch SS
316 tubes. All the components up to flowmeters have ½ inch connecting ports on the igniter
oxygen line. After the flowmeter it branches out into two delivery sections with a tube diameter
of ¼ inch. The main burner oxygen line feeds a much higher mass flow rate than the igniter
burner line. Hence, the tube diameter on the main burner oxygen line is 1 inch. It follows the
same sequential order as the other lines up to the pressure transducer. After that the line is
branched out into two delivery section of ¾ inch diameter. Since one flowmeter doesn’t have the
working limit to measure the maximum flow, two flowmeters are fit onto the two branches
instead of one like the other lines.
The purging CO2 lines are connected to every fuel and oxidizer lines and has one solenoid valve
in them. Diluting CO2 is connected to the coal slurry burner oxygen line. For this study the slurry
burner oxygen line had no use however, it is designed to provide oxidizer up to 5 MWth
requirements. Such high mass flow requirements of oxygen can be achieved by manifolding the K
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bottles. The delivery system can also be easily retrofitted to accommodate increased burner input
requirements. At the very end of the igniter feed line the igniter spark plug is fit on the powerhead.
This plug initiates the fire buy igniting the O2/CH4 mixture.
The CH4 and O2 tank outlets and pressure regulators have ¼ inch compression fittings while
the CO2 tanks and regulators have ½ inch compression fittings. Most other fittings used in the lines
are Swagelok connection. Details of the instrumentations presented in the P&ID (Figure 30) are
presented in Table 7.

Table 7: Instrumentations list
Schematic Notation

Part Type

Specification
Igniter Oxygen Line

IO-GC

Gas Cylinder

Industrial Oxygen cylinder
Size 300 CGA 540

IO-R

Gas Tank Regulators

Max pressure 400 Psi

IO-CV-1

Check Valve

Swagelok ¼’’

IO-RV

Relief Valve

350-750 psig

IO-SV-1

Solenoid Valve

120 volts

IO-P-1

Pressure Transducer

500 Psi

IO-FM-1

Flowmeter

500 SLPM

IO-SV-2-L

Solenoid Valve

120 volts

IO-SV-2-R

Solenoid Valve

120 volts

IO-CV-2-R

Check valve

Swagelok ¼’’

IO-CV-2-L

Check valve

Swagelok ¼’’

Main Burner Oxygen Line
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MO-GC

Gas Cylinder

Industrial Oxygen cylinder
Size 300 CGA 540

MO-R

Gas Tank Regulators

Max pressure 400 Psi

MO-CV-1

Check Valve

Swagelok ½’’

MO-RV

Relief Valve

Swagelok ½’’

MO-SV-1

Solenoid Valve

120 volts

MO-P-1

Pressure Transducer

500 Psi

MO-FM

Flowmeter

Omega 1000 SLPM

MO-SV-2-L

Solenoid Valve

120 volts

MO-SV-2-R

Solenoid Valve

120 volts

MO-CV-2-R

Check valve

Swagelok ¼’’

MO-CV-2-L

Check valve

Swagelok ¼’’

Carbon Dioxide Dilution Line
C-GC

Gas Cylinder

Industrial Oxygen cylinder
Size 300 CGA 320

C-R

Gas Tank Regulators

Max Pressure 3000 Psi

C-CV-1

Check Valve

Swagelok 1’’

C-SV-1

Solenoid Valve

120 volts

C-P-1

Pressure Transducer

500 Psi

C-FM-M-L

Flow Meter

Omega 500 SLPM

C-FM-M-R

Flow Meter

Omega 500 SLPM

C-SV-2-M-L

Solenoid Valve

120 volts

C-CV-2

Check valve

Swagelok ½”

Carbon Dioxide Purge Lines
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C-GC

Gas Cylinder

NITROGEN INDUSTRIAL
SIZE 300 CGA 320

C-R

Gas Tank Regulators

Max Pressure 1000 Psi

C-SV-2

Solenoid Valve

120 volts

C-SV-3

Solenoid Valve

120 volts

C-SV-4

Solenoid Valve

120 volts

C-SV-5

Solenoid Valve

120 volts

C-CV-2

Check Valve

Swagelok 1”

C-CV-3

Check Valve

Swagelok 1”

Main Burner Methane Line
MB-GC

Gas Cylinder

METHANE CP GR 2.5
SIZE 300 CGA 350

MB-R

Gas Tank Regulators

Max pressure 1000 Psi

MB-CV-1

Check valve

Swagelok ¼”

MB-RV

Relief Valve

350-750 psig

MB-SV-1

Solenoid Valve

120 volts

MB-P-1

Pressure Transducer

500 Psi

MB-FM

Flowmeter

Omega 500 SLPM

MB-SV-2-L

Solenoid Valve

120 volts

MB-SV-2-R

Solenoid Valve

120 volts

MB-CV-2

Check valve

Swagelok ¼”

MB-CV-3

Check valve

Swagelok ¼”

Igniter Methane Line
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IF-GC

Gas Cylinder

METHANE CP GR 2.5
SIZE 300 CGA 350

IF-R

Gas Tank Regulators

Max pressure 1000 Psi

IF-CV-1

Check valve

Swagelok ¼”

IF-RV

Relief Valve

350-750 psig

IF-SV-1

Solenoid Valve

120 volts

IF-P-1

Pressure Transducer

500 Psi

IF-FM

Flowmeter

Omega 200 SLPM

IF-SV-2-L

Solenoid Valve

120 volts

IF-SV-2-R

Solenoid Valve

120 volts

IF-CV-2

Check valve

Swagelok ¼”

IF-CV-3

Check valve

Swagelok ¼”

Coal-Slurry Fuel Line
Slurry Storage

Storage and mixing unit for coal and water

20 Gallons

F-BV-1

Ball Valve

Swagelok 1’’

Slurry Pump

Pump capable of handling slurry

92-1105 RPM

F-P-1

Pressure Transducer

0-400±6 psig

F-BV-2

Ball Valve

Swagelok 1’’

F-SV-1

Solenoid Valve

Swagelok 1’’

F-SV-2

Solenoid Valve

Swagelok 1’’

3.2.

Data Acquisition System (DAQ):
The feed system is designed to serve two purposes, control the input feed, and measure

the thermofluidic parameters. To control the fluids 22 heavy duty solenoid valves were used. All
the valves are controlled by a data acquisition system (DAQ). DAQ supplies power to the valves,
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hence control their state. The system is also designed to read and log data from all the sensors.
The sensors generate data in form of output voltage. A LabView code was written to calibrate
and convert them into meaningful data. The sensors send the output voltages to the DAQ through
sensory wires. The voltage is then routed through compact voltage input module system. The
LabView code is then used to process the voltage and convert it into numerical data. The code is
written on a built-in template of LabView named “Continuous Measurement and Logging”. In
this section the design and the implementation of the DAQ system will be described. The control
program and its graphical user interface (GUI) will also be presented and described. Instruments,
sensors, valves, and wiring used to build the set-up will be introduced and discussed as well.

3.2.1. Sensors:
The sensors can be divided into two types. Control sensors and combustion analysis
sensors. Control sensors refer to the sensors in fluid line which include pressure transducers and
flowmeters. And analysis sensors include the sensors required to understand and study the flame.
They are attached to the main combustor body. These sensors include pressure transducer,
thermocouples, heat flux sensors, and a visual camera. Picture of a pressure transducers, a
flowmeter, a thermocouple, and the heat flux is presented in Figure 32.

Figure 32: (a) Pressure Transducer, (b) Flowmeter, (c) Thermocouple, (d) Heat Flux sensor
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These sensors generate analog data which then are converted into digital data by the
DAQ. The main purpose of the DAQ is to receive the analog data from the sensors, convert them
into digital ones, control the solenoid valves, show the camera feed, and log the digital data for
future analysis. A list of all the sensors used in this study are presented in Table 8 with their
vendors and model number. The sensors presented in Figure 30 their schematic notation also
presented in the table.
Sensor Type

Table 8: Sensor type and vendor lists
Schematic
Vendor
Part/Model No.
Notation

Pressure
Transducer

IF-P-1, MB-P-1, Grainger
IO-P-1, MO-P-1,
C-P-1

G17M0215F2500

Data
Collection
Rate
10 Hz

Flowmeter

IF-FM, MB-FM, Omega
IO-FM, MO-FM,
CO-FM-L, COFM-R
Omega

FMA1700A/1800A

1 Hz

Thermocouple
(k-type)
Heat
Flux
Sensor

SMPW-CC-K-F-ROHS

Hukesflux

SBG01

300
s
(response time)

Total 5 pressure transducers (PT) are used in the system. They operate with a 9-36 VDC
which sends output signal directly to the analog voltage input module. These PTs operate
between 0-500 PSI. To read the flow inside the fluid lines 6 mass flow meters are used. In this
experiment OMEGA FMA 1700A/1800A flowmeters are used which can only work with
gaseous fluid. The operating ranges varied from 200 SLPM to 1000 SLPM. These flow meters
require a 24 VDC power supply from the DAQ and generate linear output signal ranging from 0
to 5 VDC. A total of k-type 33 thermocouples is used in this study. K-types are traditionally
yellow and has two flat mini size TC connectors designed to connect temperature sensor
instrumentation with a temperature controller. The SBG01 heat flux sensor measures radiation
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received by a plane surface from a 180 ° field of view angle. This quantity, expressed in W/m2, is
called irradiance, and informally also heat flux. SBG01 is designed to measure high heat fluxes,
in the order of 5 x 103 W/m2 and higher. The thermal sensor with black coating. It has a flat
spectrum covering the 200 to 50000 x 10-9 m range and has a near-perfect directional response.
A P&ID of the combustor body is presented in Figure 33. The P&ID presents the sensor
locations on the burner body. There are 30 TCs to map the body temperature during combustion
and one visual port where a camera is set up to check live combustion. The heat flux sensor is set
up by replacing one of the injector ports on the top so that the sensor surface can receive
maximum incident radiation.
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Figure 33: P&ID of the combustor body
3.2.2. Solenoid Valve Power and Control:
The solenoid valve panels consist of 64 positive-negative terminal pairs of female banana
plugs in total that are used to deliver the power to the solenoid valves. Total number of solenoid
valves in the system is 24 so the other terminals can be used scale up the operation in future.
Clark Cooper solenoid valve operates under 120V AC and 0.74 Amp current while the
Gemsensors solenoid valve operates under 120V AC and 0.08 Amp current. The list, vendors
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name and model no of the solenoid valves are presented in Table 9. The schematic notations of
the valves from Figure 30 are also listed in the table.
Table 9: Solenoid valve vendors and model no.
Schematic Notation

Vendor

IF-SV-1, IF-SV-2R, IF-SV-2L, MB-SV-1, MB- Gemsensor

Part/Model No.
D2012-C110

SV-2R, MB-SV-2L, IO-SV-1, IO-SV-2R, IOSV-2L, SO-SV-2R, MO-SV-2L, C-SV-1,2,3,4,5,

MO-SV-1, SB-SV-1, C-FM-M-L, C-FM-M-R

Clark Cooper EH70

The solenoid valves get power from the DAQ system using a circuit which has a
mechanical relay in it. The relays are nominally open interrupting the power flow so that the
solenoid valves are closed normally. The relay switch will only close and complete the circuit to
deliver power when they receive an electrical signal from the control panel. The relay circuits are
designed and installed on Omega OME-DB-24PR/DB-24PRD relay boards. These boards have
24 electromechanical relay channels and the total of 72 relays between all three. Each relay can
handle up to 5 amps of current before overheating and failing. The relay boards themselves are
powered from the 24-volt power supply delivered through the DAQ system. A picture of a relay
board and a solenoid valve is presented in Figure 34.
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(b)

(a)
(c)
Figure 34: (a) Omega Relay Board, (b) Clark Cooper solenoid valve, (c) Circuit board with a
single relay
3.2.3. DAQ System Hardware:
The DAQ system is designed to accommodate not only the existing projects but also
future projects with slight modifications. The primary design requirement for the DAQ was
overall system safety and reliability. Besides the strong and durable chassis, the control software
also provides another layer of safety to the hardware and to the researchers. Also, the system
must be highly dependable while acquiring data as the resources are limited. The DAQ is
designed to be modular. The components and hardware parts can be replaced and changed
quickly and individually. Most sections of it can be disconnected and replaced with minimum
intrusion to the other sections. The core component of the DAQ is a Field Programmable Gate
Array (FPGA) which is featured in the compact Remote Input/Output (cRIO) chassis by National
Instruments (NI). FPGA is a semiconductor integrated circuit which can also be referred as
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programmable hardware. It can be configured into a desired digital circuit without any physical
changes but by just loading the configuration onto it. The DAQ is divided into two sections for
safe and reliable operation. Each section had their own separate tasks and can communicate with
each other through ethernet cable. The first section, cRIO is designed to supply power to the
solenoid valves. It has two NI-9403 FPGA cards and is set up near the display computer. The
valves are connected in a 120 VAC powered circuit but disconnected by an open relay. The NI9403 module sends electrical signal to the relay to close the circuit and open the valve. It also has
a NI-9269 module which can supply 10 VDC to a spark plug. This spark plug is necessary to
start the combustion and requires a certain frequency at a certain voltage. A picture of different
parts of the DAQ system is presented in Figure 35.
The other section, compact DAQ (cDAQ) contains one NI-9205 and two NI-9214
modules. This section acquires data from the sensors and so it had to set up near the combustor
body. If the DAQ system was far away from the sensors than the electromagnetic noise and
voltage drop in the lines would disrupt the sensor signals. After acquiring the analog data this
section converts it into digital ones and sends it to the main DAQ. The final data transfer runs
between the main DAQ and the computer. A schematic picture of the hardware components is
shown in Figure 36.
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(a)
(c)
Figure 35: (a) Compact Remote Input/Output (cRIO) system, (b) Compact Data Acquisition
(cDAQ) system, (c) Sensor ports on cDAQ

Figure 36: Schematic of the main hardware components of the DAQ system
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The following table lists all the components present in the DAQ, both in the cDAQ and cRIO.
Table 10: Components in cDAQ and cRIO
Components in cDAQ
Component

Capability

Notes/Comments

cDAQ-9189

Three internal base clocks at
80 MHz, 20 MHz, and 100
kHz

2x NI-9214

68 Hz sample rate for high 32 K-type

Thermocouple Modules

speed 0.96 Hz sample rate (16 shared with cRIO)
for high resolution (24-bit 32 E-type
resolution)

1x NI-9205

250 kHz Max sample rate 64 single ended signals OR

Analog Voltage Input Module

16-bit resolution (0.152 mV 32 double ended signals
at 10 volts)

Components in cRIO
cRIO-9066

Built in FPGA, 667 MHz Built
clock, dual core

Solenoid valve interface board

in

processor

for

autonomous operation

64 Relay-controlled outputs 5 amps max per plug
to deliver 120 vac, 24vdc, or
12 vdc (reconfigurable)

1x NI-9269

12 vdc power and control Signal is 100 Hz, 50% duty

Ignitor power and signal

signal for coil-on plug spark cycle square wave
ignitor

The DAQ system receives power from a standard 120-vold AC outlet. It then supplies 24
VDC to the sensors and 12 VDC to the relay board through the NI modules. A diagram showing
how different components are powered in the DAQ system is presented in Figure 37.
65

Figure 37: Power Distribution Diagram of the DAQ System
3.2.4. DAQ System Software Programming:
LabVIEW system design software is used as the tool to visually program the control and
data acquisition system of the DAQ. The sensors send voltage signals the cDAQ via cables. In
the cDAQ, the NI modules interpret them in certain ways and send those filtered signal to the
control program. The program can show live data and trends. Continuous measurement and
logging code template is used to develop the program which can acquire measurements
continuously and can log them to a digital file. It executes five loops in parallel to ensure that
various tasks can be executed at the same time while responding to and en-queueing user
requests. These loops include event handling, UI messaging, acquisition, logging, and display.
Hence this code can not only read and log signals but also can generate them which is used to
control instruments like solenoid valves. Different instruments have different response rate. So,
the program is designed to collect samples at three different frequencies which is possible
because of the several internal clocks present in cDAQ-9189. The three rates are TC sampling
rate (thermocouple data), medium sampling rate (pressure transducer data) and high sampling
rate (flowmeter data). The LabVIEW control interface is provided in Figure 38. The interface is
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designed based on the P&ID of the feed system. The icons and the monitor with them provide
the real time status of the instruments and show live feed of the sensor data. The interface
provides real time information about the line pressures, line temperature, flowrates, combustor
body temperature and combustion heat flux. The test station has the capacity of controlling up to
64 solenoids and recording data from 32 pressure transducers, 32 flowmeters, and 60
thermocouples. It is designed to be operated in both manual and automatic mode. In the manual
mode individual valve can be controlled which is necessary to pressurize the feed lines before
the combustion starts. The combustions are run in automatic mode which can be preprogrammed to change the valve opening sequence or combustion time. The spark plugs of the
igniters are also operated by the LabVIEW program in both manual and automatic mode. In the
automatic mode series of solenoid valves turn on and off in a sequential timed manner to
complete the operation cycle dictated by a pre-programmed code. Operations during combustion
includes fuel injection, ignition, gas delivery and purging. While running the sequence the
program can also acquire and log data at a time interval. This interval and sample number can be
programmed based on sampling requirement. It is also equipped with ‘EMERGENCY STOP’
and ‘ABORT SEQUENCE’. The ‘EMERGENCY STOP’ can be initiated due to any
malfunctioning during the test. If the combustor wall temperature reaches above 325 K the stop
will automatically initiate that instance. ‘ABORT SEQUENCE’ is helpful if an experiment is
needed to be stopped manually. Interface annotations for the LabVIEW program, NI module and
back panel terminals are presented in Table 11.
Table 11: Interface annotation for LabVIEW, NI Module and Back Panel
Data Type
LabVIEW
Module Reference Back Panel
Reference
Reference
Flowmeter
MO-FM-M-L
cDAQMod3/ai0
MO-FM-M-L
MO-FM-M-R
cDAQMod3/ai1
MO-FM-M-R
cDAQMod3/ai2
IF-FM
Differential Analog IF-FM
Input (AI)
SB-FM
cDAQMod3/ai3
SB-FM
SO-FM
cDAQMod3/ai4
SO-FM
IO-FM
cDAQMod3/ai5
IO-FM
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Referenced Single
Ended AI

Differential Analog
Input (AI)

Pressure Transducer
MO-P-1
cDAQMod3/ai16
IF-P-1
cDAQMod3/ai17
SB-P-1
cDAQMod3/ai18
SO-P-1
cDAQMod3/ai19
IO-P-1
cDAQMod3/ai20
Heat Flux Sensor
HFS
cDAQMod3/ai23

MO-P
IF-P
SB-P
SO-P
IO-P
HFS

Thermocouple
TC 0-14
K type TC input

cDAQ
Mod2/ai0:15
cDAQ
Mod2/ai0:15

TC 15-30

Solenoid Valve
MO-SV-1
DIO 0
MO-SV-2-M-L
DIO 1
MO-SV-2-M-R
DIO 2
SO-SV-2-L
DIO 3
SO-SV-2-R
DIO 4
SB-SV-1
DIO 6
SB-SV-2-L
DIO 7
SB-SV-2-R
DIO 8
DIO 9
5 V output signal to SO-SV-1
relay
C-SV-1
DIO 11
IO-SV-2-L
DIO 14
IF-SV-1
DIO 15
IF-SV-2-R
DIO 16
IF-SV-2-L
DIO 17
C-SV-2
DIO 18
C-SV-3
DIO 21
C-SV-4
DIO 22
C-SV-5
DIO 23
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TC 0-14
TC 15-30

A-0
A-1
A-2
A-3
A-4
A-6
A-7
A-8
A-9
A-11
A-14
A-15
B-0
B-1
B-2
B-5
B-6
B-7

Figure 38: LabVIEW control interface.
3.3. Combustor Test Stand:
The overall test set up has two sections. The vertical test stand and the control center. The
vertical test stand is 30 feet tall two-story structure. A picture of the test stand is presented in
Figure 25(a). The stand is used to mount the combustor vertically from the second floor. The
combustor is placed through a central hole on the second floor and bolted to I-beams for support.
The feed system is also set up on the second floor and the gas tanks are placed on the ground
floor. The test stand has forklift access through one side to lift the combustor up and two
staircases on the other two sides. The control center is placed 80 feet away from the test as it’s
unsafe for the researchers to stay close while combustion is happening. To operate the
instruments cables run between the stand and the control center through PVC pipe. The test stand
has water tanks and slurry flow system which can facilitate coal-slurry combustion as well. A
picture of the test stand and overall test facility layout is presented in Figure 39.
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(a)

(b)
Figure 39: (a) Test stand, (b) Layout of the facility
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Chapter 4: Results and Discussions
In this section the experimental test data and the CFD results are presented. The goal of
this project is to develop an industry scale 30 MW oxy-combustion power generator for
continuous operation. A 5 MWth combustor was designed to operate steady state up to 20 bar.
This dissertation presents the test data for steady state operation for 2 minutes tests with firing
input up to 110 kW. Beside only oxygen-methane combustions, tests were run in O2/CO2/CH4
environment too to study the effect of recirculated flue gas where up to 80% CO2 (by mass) was
injected into the combustor. The tests parameters were used to perform CFD analysis which will
essentially be used to develop a digital twin of the experimental setup. The simulation is
performed in a steady state condition in 3D domain. The geometry CAD of the digital combustor
was developed using Siemens NX initially and later was modified by Star CCM+ geometry
module. Simcenter Star CCM+ Multiphysics CFD software was used to generate the mesh and
develop the numerical model. The geometry, mesh and detailed numerical approach is discussed
in Chapter 2. The numerical model was developed using chemistry and thermal model
appropriate for this application. Later the data obtained from the CFD model were compared
with the experimental data to validate it.
4.1. Experimental Results:
The combustion test is conducted at several firing inputs ranging from 46-110 kW to
understand the combustor operability. The tests duration was 2 minutes where igniter operation
lasted for 3 seconds, and the methane burner was operational for 60 seconds. The knowledge
obtained from these tests will be used to design a steady state 5 MWth combustor that will be
integrated into a 20 bar ENEL power cycle. The firing inputs and dilutions are maintained by the
inlet mass flowrates. The mass flowrates can be controlled by pressure regulators attached to the
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gas tanks. The gas injection sequence can be controlled by blocking the gas tubes using solenoid
valves. And the solenoid valves can be controlled using the DAQ system from the control center.
The pressure regulators control the mass flowrate coming out of the gas tank by setting their
outlet pressure. Cold flow tests were run before the hot fire ones to generate mass flow vs.
pressure on regulator graphs. And thus, required pressure settings on the regulators are
determined for each test configuration. Initially the tank pressures are set manually according to
the predetermined setting with the solenoid valves closed which fill up the feed system and
pressurize it with the gaseous masses. And then test is conducted by initiating the auto-sequence
controlled by the DAQ system. A total of 22 different test cases are presented in this dissertation
which include four different firing inputs and four dilution ratios each input values. The test
matrix which includes the test case number, firing input, O/F ratio and different mass flowrates
are presented in Table 12. The mass flowrates are calculated based on the firing input
requirement. Stoichiometry ratio was kept 1 for complete combustion. And for methane the
Oxidizer: Fuel (O/F) ratio is 4:1 to keep stoichiometry ratio 1. Mass flow rates of CO2 are
calculated using eqn. (19).

Test Case

Firing
Input
(kW)

Table 12: Test Matrix
CH4 mass
O2 mass
O/F
flow
flow
(g/s)

(g/s)

Dilution
Percentage

CO2 mass
flow
(g/s)

%
1

0

0

2

60

6

70

9.33

4

80

16

5

90

36

0

0

3

6

50

70

1

1.4

4

4
72

4

5.6

7

50

5.6

8

60

8.4

9

70

13.06

10

80

22.04

11

0

0

12

40

4.8

50

7.2

14

60

10.8

15

90

50.4

16

0

0

17

40

5.86

50

8.8

19

70

20.53

20

80

35.2

13

18

90

110

1.8

2.2

4

4

7.2

8.8

The mass flowrates presented in the table are supplied from gas tanks with constant supply
pressure using a pressure regulator through metal tubes. The required pressure for each mass
flow rate was found with clod flow tests. Due to the roughness of the tube surface and the
bending along the lines there are pressure drops between the pressure regulators and the inlet
ports. To measure the accurate mass flow getting into the combustor a flowmeter was set on each
line near their inlet ports. A volumetric flowrate graph of the reacting gasses for the pressure
regulator settings on gas tanks are presented in Figure 40. The flowrates are acquired from the
flowmeters on the lines and the pressures are read from the manual pressure regulator attached to
the gas tanks. The pressure regulators can operate only within a certain range, and they can’t
deliver continuous mass stream if the set pressure is below 50 psig. Also, the tanks can’t supply
required mass either is the pressure setting is above 220 – 280 psig. The high CO2 requirement of
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some test points are met by building a manifold which connected multiple gas tanks to the same
line.

Figure 40: Volumetric flow rate at the inlet ports vs. the pressure setting on the regulators
Hard start during combustion was always avoided while conducting the experiments. It happens
when instead of controlled flames, explosive combustion takes place. The thermal shock wave
from the hard start can damage the refractory liner and the instruments on the lines. Hard start
can be caused by ignition delay or unburnt residual gasses into the chamber. The residual gasses
are flashed out after each experiment by flowing nitrogen through the whole system. By purging
out the residual gasses the nitrogen streams also prevent any thermal pocket inside the wall
cavities or, the tubes. The igniter operating conditions are iteratively selected through
experimentation to prevent hard start as ignition delay can detonate an explosion. The igniters
can produce a steady flame with enough temperature to initiate the combustion but only at a fuel
lean or near stoichiometry conditions.
4.1.1. Pressure Profile and Flowrate:
The tank pressure settings found for best igniter performance are 160-180 psig on oxygen
tank and 120-140 psig on methane tank. Figure 41 presents the pressure profile and volumetric
flow rate of different gas lines acquired from the pressure sensors and flowmeters. The locations
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of the instruments can be found in Figure 30. The pressure transducers and the flowmeters are
installed between two sets of solenoid valves. The one in the upstream controls the flow from the
gas tanks while the other valve on the downstream controls flow into the combustor. The tests
ran without any hard start as there is no sudden hike in the pressure profile. The first step before
running the auto sequence is to open the upstream valves and pressurize the lines.

(a)

(b)
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Figure 41: (a) Pressure profile with respect to time, (b) Volumetric flow rate with respect to time
for 110 kW with no dilution case
Once the lines are pressurized the auto sequence is started with LabVIEW and the
ignition starts on the 3rd second. That’s why on Figure 41 there is a sharp decrease in the line
pressure as the igniter valves open and the high-pressure gasses enter the combustion chamber
with atmospheric conditions. The line pressure for igniter oxygen drops from 162 psig to 120
psig and for igniter methane it drops from 120 psig to 100 psig as the downstream pressure is
14.7 psig. Within two seconds of the ignition the reactant gasses start flowing through the burner
and combustion initiates. As combustion starts pressure drops in the main burner methane and
oxygen lines as high-pressure gasses are being injected into the combustion chamber. However,
the igniter gas line pressures become stable as their upstream valves are closed to stop flow
through those lines. There is another decrease in burner line pressure on the twenty first second
of the combustion. It is because the first twenty seconds of the combustion only one main burner
is used while the second burner is turned on after that.
Similar trend can also be seen in the volumetric flowrate graphs as well. The flowrates
during the tests are dictated by the pressure differential between the feed line pressure and the
chamber pressure. Once the auto sequence is initiated and downstream solenoid valves are
opened the flowrates spike initially and when the chamber pressure stabilizes the flowrates
become stable. There are two spikes in the main burner flowrates, the first one when the
combustion starts with one burner and when the other burner turns on another smaller spike
appears. For 110 kW with no dilution case, O2 and CH4 flowrates become stable at 420 and 170
SLPM respectively after the first burner is turner on. When the second sets of valves are open the
second burner lines flowrates spikes due to the pressure drop in the newly opened line. However,
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after that spike the flowrates are divided into the two burners and flowrate becomes stable again.
After 60 seconds of the experiment run, all upstream valves are closed to stop the flows and stop
the combustion.

(a)

(b)
Figure 42: (a) Pressure profile with respect to time, (b) Volumetric flow rate with respect to time
for 110 kW with 60% dilution case
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Figure 42 presents the pressure profile and volumetric flowrate of another example case
of 110 kW with 60% dilution. The igniter gasses and the reactant gasses have the same profile as
the first one, but a dilution line pressure is added to measure the CO2 supply. There is a pressure
drop in the CO2 line on the fifth second after the combustion initiates as this is when the dilution
starts. The flowrate trend also shows the same thing as there is a flowrate spike in the CO2 line
on that time which later settles to 542 SLPM.

Figure 43: Ignition Flame Progression
Pictures of the ignition flame progression from a is presented in Figure 43. Different
stages of the ignition flame at different time steps are showed in the images. The ignition starts
on the third second of the auto sequence. Before the flame becomes stable on 4th second there is
a sudden increase in flame length which is because of the initial spike of mass flow caused after
opening the solenoid valve. On the 5th second, main burner-1 is turned on and combustion is
initiated as can be seen from the images. Initially due to non-uniform distribution of the reactant
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gasses arbitrary localized combustion takes place which is why there are several micro flares of
flames on the first second of combustion. As the combustion progresses a single flame appears
on the main burner-1 tip due to the continuous supply of reactant gasses. The flame progression
of one of the test cases with dilution is presented in Figure 44 to visualize the general flame
propagation of diluted oxy-combustion.
The case presented in Figure 44 is 90 kW with 60% dilution condition test where the O/F
ratio can be achieved was 4.2. For the 90 kW and 60% dilution case the tank pressures are set at
100, 142 and 135 psig for O2, CH4, CO2 respectively. It can be seen from the images that initially
main burner-1 flame, and igniter flame collide with each other and a produce an non uniform
flame but once the igniter stops the main burner flame becomes a uniform steady one. There is
some lift off height present in the flame which can be eliminated by calibrating line pressure.
Initially the flame and the combustion zone appear blue because of the radical radiation such as
CH and C2, produced in the flame front [52]. The blue flame is seen on the first seconds of
combustion because the combustor is open to atmosphere and filled with air initially which
causes air combustion at the beginning. After all the air from the chamber is used up the flame
starts to show oxy-combustion characteristics. Enrichment of O2 in oxidizer stream increases soot
formation and because of the soot radiation the flame seems yellow on 10-13 second window.
This uniform single flame can be seen in the combustion chamber for 5 seconds until the CO 2
dilution starts. When the dilution line valves are open CO2 gas starts flowing into the combustor
chamber trough the top port which greatly affects the flame shape.
It can be seen from Figure 44 that after the CO2 starts flowing in through the top port
flame lift off height increases significantly. The flame reaction zone is pushed towards the
opposite wall from the burner because of the influx momentum of the CO2 stream. This detached
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state between the burner tip and the flame base persists for 6 seconds until main burner-2 is
turned on. After the dilution starts the flame length decreases and hence the reaction zone
temperature decreases as well. On 21st second main burner-2 is turned on and that second flame
appears immediately. The two burners are installed on a 450 circular plane hence their centerline
angular distance is 900 degrees. This position confirms the minimum collision of the flame tips.

Figure 44: Flame Propagation of a 90 kW 60% dilution Case
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It also prevents the flames from crushing on the walls and hence secures the liner and metal wall
from deteriorating. The two reactant gas streams push through the co-axially injected CO2 stream
and meets in the middle. As the continuous CO2 stream is disrupted by the combustion reactants
its momentum decreases and thus the dilution momentum affect becomes negligible. So, the
flames reattach back on the burner tip and the flame lift off height is eliminated. From the figure
it’s visible that this fully developed oxy-methane flame persists between 22-55 seconds until all
the ports are shut off. After the combustion is completed only the combustion products are left
inside the burner and due to the radiation from those products an afterglow can be seen even
after the flame is turned off. The experiments show that using the proposed double burner
combustor design and physics setting fully developed steady state flame can be achieved.
4.1.2. Heat Flux Readings:
One important parameter to understand combustion is the radiative heat flux. Since the
heat flux is produced by burning fuels, it is an indication of combustion efficiency. Due to the
excessive heat flux from oxy-combustion, several challenges like, temperature beyond material
integrity or, unstable flame need to be resolved. Dilution with CO2 is necessary to solve this high
temperature issues because it absorbs four times more radiation from the flames compared to the
N2 diluted combustion. The unabsorbed radiation is absorbed by the combustor body material
which can also be detected using heat flux sensor. In the experiments for this study a radiation
heat flux sensor is used to acquire the live heat flux data. The position of the heat flux sensor is
presented in Figure 22 and the detail of the sensor can be found in section 3.2.1. The sensor is
installed on the same circular plane as the main burners and the igniters and by replacing one of
the igniter ports. The heat flux sensor is placed in this position so that maximum flame area can
be covered by its radiation collection angle. Figure 45 shows the heat flux sensor reading for a
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few example cases. The heat flux sensor readings for 110 kW cases are presented in Figure 45
(a) and 90 kW cases readings are presented in Figure 45 (b). It can be seen from Figure 45 (a)
that after a few seconds of main burner-1 turning on heat flux starts to increase linearly with time
until the dilution starts. After the dilution line is open heat flux drops significantly for all the
diluted combustion cases. The reduction in heat flux is proportional to the amount of CO2
supplied. The unabsorbed heat flux amount reduces significantly with increasing dilution
percentage and hence the amount of heat flux received by the sensor decrease in high dilution
cases.
For, 110 kW - 80% dilution the heat flux becomes stable at 10 kW/m2 because of CO2
injected instead of increasing linearly when no dilution is used but. In the 110kW-80% dilution
case the heat flux drops from 17 kW/m2 to 3 kW/m2 when CO2 is injected. For 110 kW with 60
and 70% dilution the radiative heat flux curve tends to become linear around 18 and 22 kW/m2
respectively. Similar trend can also be seen for the other cases too. 90 kW cases show that when
no dilution is used the radiative heat flux reaches the highest value of 42 kW/m2 through a linear
increment over the 60 second run. But the values become almost stable at around 20, 17 and 2.5
kW/m2 when 60, 70 and 80% dilutions are used respectively. Radiative heat flux of an oxy-fuel
flame largely depends on the black body radiation from in-flame soot and the flame temperature.
However, in oxy-methane combustion the main species contributing to the radiation is CO2 and
H2O when soot radiation contribution is less than 15% [53]. Adding CO2 into the combustion
environment lowers the flame speed through it’s radiative properties and heat capacity properties
[54]. Radiative heat flux decreases with dilution because of the effects of CO2 on soot formation
and the absorption of radiation through the CO2 gas layers surrounding the flame. When reactants
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from both burners are present at a same time there is a spike in the heat flux for the doubled mass
in flow.

(a)

(b)
Figure 45: Radiative Heat Flux for (a) 110 kW cases, (b) 90 kW Cases

From the spike heat fluxes increase linearly and reach to a peak intensity which is
followed by a sudden drop after the burners are off. From the figures above it can be seen that
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the maximum heat flux is reached between 60-70 seconds which indicate that the combustion
temperature is maximum in this time window. It can also be seen from Figure 45 that the heat
release rate from the combustion zone to the outside environment also depends on the dilution
percentage. At higher dilution cases heat release rate become steady faster than the low dilution
ones which indicates that using this method steady state industrial production is possible by
calibrating the dilution percentage. For 110 kW and 80% dilution case heat flux increases only 4
kW/m2 in 20 seconds while for 60% dilution case it is 8 kW/m2. Similar trend can be seen in 90
kW cases as well where for 80% dilution unabsorbed heat flux becomes stable at 2.4 kW/m2
after 30 seconds while in 60% dilution case it starts to become stable from 48th second. Highest
radiative heat flux intensities for all the cases are presented in Figure 46.

Figure 46: Peak radiative heat flux intensity vs. CO2 dilution percentage for different firing
inputs
These values indicate that higher dilution percentages ensure more radiation absorption because
of the increased amount of CO2 mass in the combustaion environment. For 110 kW-without
dilution case acquired heat flux is 56 kW/m2 whereas it’s 40 and 18 kW/m2 for 60% and 80%
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dilution respectively. Heat fluxes for 90 kW cases are 41, 36 and 5.4 kW/m2 for without dilution,
60% and 80% dilution respectively. These data represent the total radiation received by the
sensor surface emitting from the flame, surrounding gas layers and the combustor body walls. As
the flame temperature increases the gas layer and wall radiation increases as well and hence the
noise in the radiation reading by the sensor should be higher in high firing inputs compared to
the low ones. The effect of CO2 dilution is prominent in the low dilution cases but at high
dilution cases increasing CO2 the reduction in radiative heat flux is minimal. For 110 kW cases
60% dilution case generate 6 kW/m2 less heat flux than 50% dilution case. But this reduction is
only 1 kW/m2 when decrease is only dilution percentage is increased to 70% from 60%. Similar
trend can be seen for the other firing inputs too. For 90 kW cases, heat flux reduction is 8 kW/m2
between 60 dilution and 50% dilution cases and it is only 2 kW/m2 between 60% and 70%
dilution. This could be because of the radiation absorption by CO2 emitted from the combustor
walls. The amount of wall radiation for a specific firing input should be similar as it only reflects
the incident radiation on its surface from the combustion flame. At low dilution cases, absorption
of the wall radiation by the CO2 gas layers will be quite significant but after most of the wall
radiation is absorbed by the gas, only flame radiation is left to be absorbed by the CO2. The
dilution effect can also be seen in the wall temperature as well. One of the advantages of diluted
oxy-combustion is that the CO2 protects the combustor body from getting excessively hot by
absorbing the radiative heat flux. The existing combustor body can accommodate 40
thermocouples on the outer wall of the combustor body but in this study a total of 26
thermocouples were used. The TCs are spread out across four evenly spaced columns and
embedded into 1/8-inch diameter TC port holes with 0.9 inches depth into the combustor wall.
For each case the highest temperature increase is found by averaging values from three different
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thermocouples which showed the maximum temperature change out of all 26 TCs. The
maximum temperature changes are found in the areas nearest to the flame. Figure 47 shows the
highest increase in wall temperature after each experiment was ran. Dilution also has effect on
wall temperature. Due to the absorption property of CO2 and the reduction of inner wall radiation
in a CO2 rich environment, wall temperature increment is less in the diluted cases compared to
the no dilution ones. While for 110 kW firing input with no dilution wall temperature increases
by 70C, with 80% dilution temperature increment reduces to only 30C. Similar trend can be seen
for the other firing inputs as well. For 90, 68 and 47 kW-without dilution cases body temperature
increase respectively by 6, 5 and 40C whereas when 80% dilution is used the rise is only around
20C. This advantage of dilution will be used in industrial scale combustion to protect the turbomachineries and combustion body from high heat.

Figure 47: Change in wall temperature for the firing inputs and dilution cases.
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4.2. CFD Analysis:
A digital counterpart of the combustor was developed using Simcenter STAR-CCM+ CFD
software. The simulation methodology is explained in section 2.2. The initial CAD of the
computational combustion body was designed using Siemens NX CAD software. Later it was
imported, and the computational domain was designed using STAR CCM+ geometry module.
steady simulation was done because the CFD model should simulate an operational continuous
combustion. Polyhedral mesher was used with prismatic cell layers next to the boundary surface
to improve the boundary layer result accuracy. Prism mesh layer stretched 3.75 mm from each
boundary surface. In the mesh body total number of cells is 408,493 and total number of faces is
1,879,808. Interface surfaces were created between different solid and fluid body parts to accurately
predict the heat flow between different materials. Conjugate heat transfer (CHT) was used as contact
thermal conditions which allows for the simulation of heat transfer between solid and fluid domains
by exchanging thermal energy at the interfaces between them. Initial temperature for all the domains
were kept as 300K. There are a total of 5 different interfaces between the SS410 combustor body,
Alumina liner, Quartz window and the fluid combustion domain. Multiband thermal radiation model
was used, and a spectral band range was set consisting with the heat flux sensor’s spectral collection
range so that the model can accurately predict the experimental heat flux data. The model used
complex chemistry mechanism to simulate the realistic combustion. The reactions and the
equilibrium constants used in the models are presented in section 2.2.3. Peng-Robinson real gas
model was used to calculate the properties of combustion gasses which calculate the volume as a
function of pressure and temperature. The model expresses the fluid properties in terms of the critical
properties and vapor pressure of each species involved. This model is acceptable in calculating all
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fluid properties in natural gas process and is superior to other methods in predicting properties near
critical points. The Peng-Robinson equation of state are shown in eqn. (20)-(23).

𝑝=

𝑅𝑇
𝑎𝛼
− 2
𝑉𝑚 − 𝑏 𝑉𝑚 + 2𝑏𝑉𝑚 − 𝑏 2

𝑎 ≈ 0.45724

(20)

𝑅 2 𝑇𝑐2
𝑝𝑐

(21)

𝑅𝑇𝑐
𝑝𝑐

(22)

𝑏 ≈ 0.07780

𝛼 = (1 + 𝑘 (1 −

2
1
2
𝑇𝑟 ))

(23)

Here,
Tc and pc are the critical temperature and pressure, R is the universal gas constant and reduced
temperature 𝑇𝑟 =

𝑇
𝑇𝑐

. To capture the spreading rate of planar jets as well as round jets, realizable

k-epsilon turbulent model was used which is the superior model in predicting mean flow of
complex structures and boundary layer under adverse pressure gradients.
The test matrix of the inlet conditions is presented in Table 12. However, due to the
pressure drop and tank condition the flowrate deviates somewhat from the calculated test matrix.
To predict the realistic data the experimental inputs were used in the CFD model. The
experimental test matrix is presented in Table 13. The CH4 and O2 mass flowrates are equally
divided into two streams and are injected through the two burner ports.
Table 13: Experimental Test Matrix
Test
Cases

Firing Input
(kW)

CH mass flow
4

O/F

(g/s)

O mass flow
2

(g/s)
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Dilution
%

CO mass
2

(g/s)

1

46

0.92

4.5

4.17

0

0

2

46

0.92

4.5

4.19

59.31

6.11

3

45

0.91

4.5

4.11

71.3

10.22

4

45

0.91

4.4

4.00

81.2

17.29

5

68

1.37

4.1

5.67

0

0

6

68

1.36

3.9

5.32

47.07

4.72

7

68

1.36

4.1

5.51

60.81

8.55

8

68

1.36

4.0

5.45

71.10

13.42

9

68

1.37

3.9

5.39

79.95

21.50

10

69

1.39

3.8

5.28

0

0

11

88

1.77

3.5

6.23

42.12

4.53

12

89

1.78

4.3

7.60

50.04

7.61

13

92

1.84

4.2

7.73

63.33

13.35

14

92

1.85

4.2

7.79

72.05

20.07

15

93

1.86

4.2

7.76

82.60

36.84

16

94

1.89

4.3

8.08

0

0

17

108

2.16

4.3

4.3

0

0

18

109

2.17

3.9

8.55

44.9

6.97

19

113

2.27

4.1

9.29

52.73

10.35

20

113

2.25

4.1

9.20

63.49

15.99

21

109

2.18

3.9

8.43

74.65

24.82

22

110

2.20

3.7

8.10

83.09

39.79
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The CFD model can predict various thermo-fluidic parameters including heat flux and
temperature. Figure 48 shows the irradiance map for 110 kW-without dilution case. Irradiance can
be interpreted as radiative heat flux because it represents the radiant flux received by a surface per
unit area.

Top View
Side View
Figure 48: Heat Flux map of the CFD model for 110 kW-without dilution case.
During combustion burners are the nearest area from the flame and hence the top view of the
picture shows that the heat flux is more intense around the burner ports. However, one of the burner
ports is replaced with a quartz window which has a higher transmissivity compared to metal body.
Heat flux sensor is installed on top of the quartz window so that the senor collection area can receive
the radiation coming through the transparent glass. Since there is no accumulation of heat, heat flux
concentration is lower in this port compared to the other burner ports. The heat flux sensor receive
radiation from the flame, gas layer and combustor wall where the flame heat flux is a combustion
property but the wall and layer heat fluxes highly dependent on experimental environment. The
radiative energy balance equation at the sensor face is presented below:
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𝑞̇ 𝑠 𝐴𝑠 = (1 − 𝛼𝑔,𝑟 ) 𝑞𝑓̇ 𝐴𝑓 𝐹𝑓−𝑠 + [ 𝑞̇ 𝑔 + (1 − 𝛼𝑔,𝑑 )𝑞̇ 𝑤 ] 𝐴𝑤 𝐹𝑤−𝑠

(24)

Here, the subscripts s, f, g and w relate to the sensor, flame, gas and wall respectively and 𝐹𝑖−𝑗 are the
configuration factors between surfaces i and j. Radiative heat fluxes from different sources of heat
reaching the sensor are denoted by 𝑞 ̇, gas absorption coefficient and the area of emitting surfaces are
denoted by 𝛼 and A respectively.

Figure 49: Comparison of acquired radiative heat flux values from experiments, CFD
simulations and literature.
In the CFD model, the total irradiation on the cylindrical quartz window should match the heat
flux data generated by the sensor acquired from the experiment. The heat flux sensor used in the
experiments has a spectral range of 0-50*10-6 m and hence the radiative heat flux within this
spectrum range received by the sensor collection area are compared with the experimental values.
Surface to surface radiation model was used in this study to calculate radiative heat flux by solving
the RTE (Radiative Transfer Equation) equation (1). Ditaranto et al. [54] presented radiative heat
flux of non-premixed methane flame with CO2 concentrations ranging from 30% to 65% using
measured incident radiative heat flux. They solved for the flame heat flux from equation (24 by using
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Monte Carlo ray tracing method and their results have accuracy between 15% to 45%. A comparison
between the maximum heat flux obtained from the experiments, CFD model and Ditaranto et al. [54]
are presented in Figure 49. From Figure 49 the heat flux values obtained from three independent
methods are well within a comparable range. For the 110kW-80% dilution case the experimental heat
flux is 25 kW/m2 which is similar to the 80% dilution case from the literature and the CFD model
predicted it to be 28 kW/m2. And for 68 kW-60% dilution case the experimental and the simulated
results are 16.4 and 13 kW/m2 respectively but the literature value is 32 kW/m2. This could be
because of the measurement limitation caused by the directional dependence of the heat flux sensors
as the literature shows that the receiving surface of the maximum radiation changes based on the
flame length. A comparison of some other experimental and simulated results is presented in Figure

50. For 110 kW, 68 kW and 46 kW-without dilution cases the experimental radiative heat fluxes are
56, 27 and 15 kW/m2 respectively while the simulated values are 72, 14.6 and 11 kW/m2. The
predicted data seem to be accurate within an acceptable range. Minimum deviation between the
results is found to be at the lowest firing input which is 4 kW/m2 while the maximum is 16 kW/m2
and is seen at the highest firing input.
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Figure 50: Experimental and Simulated Heat Flux of the no dilution cases for different firing
inputs

Combustion temperature scenario for oxy methane flame is presented in Figure 51 where the
centerline temperature of the flame is plotted along the vertical axis for 110 kW without and 80%
dilution cases.
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(a)

(b)
Figure 51: Combustion temperature along centerline from the CFD model for (a) 110kWwithout dilution, (b) 110kW-80% dilution
The maximum temperatures for the combustion for the no dilution and 80% dilution were
predicted to be 3150 K and 2000 K by the model which are very similar to the calculated value by
NASA CEA and previous study result. From the figure it can be seen that the flame length is much
shorter in no dilution case compared to the 80% dilution case which is the result of higher oxygen
concentration in the no dilution case. The stoichiometric mixture fraction increases with the increase

94

of O2 concentration which displaces the flame front closer to the centerline where as diluted mixture
tend to generate longer flame [54]. Combustion temperature obtained from the CFD model for some
diluted and non-diluted cases are presented in Figure 52. The figure also presents the temperature
calculated by NASA CEA and obtained by Ditaranto et al. [54]. The values obtained by the three
different sources follow each other very closely with slight deviations in the results for the highly
diluted cases. This could be because of the error in heat absorption calculations by the model for the
CO2. When significant amount of CO2 is present, spectral dependent radiation absorption needs to be
included in any quantitative predictions of flame properties [55].

Figure 52: Combustion temperature at different dilution rate obtained from the CFD model,
NASA CEA and previous study literature.

There are several other reasons for this deviation between the experimental and simulated
results. Andersson et al. [56] concluded that oxy-fuel operation at 27% increases in-flame soot
volume fraction and is responsible for most of the increase in radiation. Wang et al. [53] showed that
soot radiation contributes up to 15% in the total radiation in oxy-methane combustion. However, the
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chemistry of the combustion in the CFD model doesn’t account for the radiation by soot production,
which can contribute to the deviation from the experimental results. Also, from equation (24) it can
be seen that the sensor surface heat flux reading includes gas layer and wall radiation which is highly
dependent on the gas composition of present inside the combustor and wall properties of the liner. In
the CFD model 4 step reaction chemistry model was used where the reactant gasses are CH 4, CO2,
O2, H2 and H2O. However, in real life combustion many other radicals and chemical elements are
present in the reaction environment. This will affect the gas absorption calculation and heat flux
prediction. Also, the liner and combustor body deteriorate, and their emissivity properties change due
to long exposure to thermal shocks and excessive heat. These variable material properties can also
cause the deviation from the simulated results. [22].

Figure 53 presents a product gas mole fraction scenario of oxy-combustion based on the results
obtained from the CFD model. The image shows the mole fraction of CO2 for the 110 kW-80%
dilution case where the flame temperature is 1974 K by numerical prediction. F. Breussin et al. [22]
studied oxy-combustion jet flames and measured the CO2 volume fraction at several transverse
locations along the radial direction into an oxy-natural flame with 1958 K furnace exit temperature.
Their results are presented in Figure 53 (b) where X=1.42 is the closest location to the flame and
X=0.82 is the farthest one. The graph in Figure 53(a) plots the CO2 mole fraction for half the radius
of the combustor because of it’s symmetric nature. The Y lines are different transverse location
where Y=0.9 is the closest to the flame and Y=0.5 is the farthest line.
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(a)

(b)
Figure 53: CO2 mole fraction for (a) 110 kW-80% CFD model, (b) Data obtained from literature
The values show that the digital counterpart of the combustor could predict the exhaust
product scenario quite accurately. The model predicted the mole fraction of CO2 in the combustion
environment should be within the range of 0.86-0.6 where the highest concentrations are seen near
the flame edge and minimum near the flame center. Similar trends can also be seen from the
measured data by F.Breussin et al. and the mole fraction in their study varied between 0.80-0.42.
This similarity in results proves the fidelity of the digital counterpart’s in predicting exhaust product.
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The model also compares the body temperature of the simulated model with the experimental
results. Figure 54 presents the outside body temperature scenario of the combustor for 68 kW with
no dilution case and the graph plots the temperature of a surface 8mm into the body from the outer
surface. The depth is chosen based on the TC port hole depth on the real-life combustor body. It can
be seen that the maximum temperature increment for this combustion condition is 3K whereas in the
real-life combustion maximum temperature rise was 5K. Based on this similarity of the data it can be
said that the digital counterpart of the combustor can accurately compute the thermal resistance
model for the solid parts as well.

Figure 54: Model body temperature on the thermocouple ports for 46 kW-60% dilution case
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Chapter 5: Summary and Future Work
6.1. Summary:
The purpose of this dissertation is to analyze an oxy-combustion system qualitatively
using a two-burner combustor and develop a CFD model to predict thermofluidic behaviors of
O2/CH4/CO2 combustion. This goal of the study is to develop a super critical combustor (~20
bar) with constant 5MWth power generation capability. During this experimental study up to 110
kWth firing input were tested with 0-80% CO2 dilution. Two shear co-axial injectors were used to
deliver the gaseous reactants into the combustor chamber and CO2 was injected through the top
port. The experimental results were presented and analyzed to characterize the combustion
process. A CFD model is built by replicating the 3D experimental setup. The model simulated
oxy-combustion tests using the real-life experimental boundary conditions. The numerical results
closely resemble experimental ones which further confirms the fidelity of the computational
physical model. The key outcomes of the dissertations are listed below▪

Optimum operating configurations for different firing inputs are established by running
several experiments at the test conditions. Inlet conditions are fixed after several cold runs to
avoid any hard start and to reach the desired test conditions. The oxygen and methane tank
pressures were found to be 160 and 120 psig respectively for continuous ignition and the
main burner were tank pressures were calibrated for each test runs. The design of the
combustor body was proven to be sufficient to sustain the extreme combustion environment.
Flame temperature ranges between 2000-3000K for the oxy-combustion cases and the critical
temperature for combustor material is 600K. A 2.5-inch alumina refractory liner was used for
what the body temperature increased only up to 7 K for a 60 second combustion. It was
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found that increasing dilution successfully resists this temperature change. For 110 kW cases
80% dilution drops the body temperature by 4 K and 60% dilution drops it by 2 K.
▪

Maximum radiative heat flux 56kW/m2 was found at 110 kW-without dilution case and it
drops to 18 kW/m2 when 80% dilution is used. Similar trends can also be found for the other
cases as well. For 90, 68 and 46 kW the incident radiative heat fluxes on the combustor walls
are reduced by 23, 12 and 10 kW/m2 when 80% dilution is used. It was also found that
incident radiative heat flux amount on the combustor wall decrease as the dilution percentage
is increased. At high dilution cases the heat flux becomes stable indicating a suitable
condition for long term power generation. For 110 kW cases heat flux keeps increasing
linearly up to 56 kW/m2 when no dilution is used but they become almost linear at 10 kW/m2
and 22 kW/m2 when 80 and 60% dilutions are used respectively. For 90 kW with 60 and 80%
dilution cases radiative heat flux become near stable and fluctuate only around 20 and 2.5
kW/m2.

▪

A CFD model is designed and developed to model the experimental combustor body and to
predict the combustion behavior. The model incorporated all the different solid parts of the
combustor body and predicted their conditions for different combustion conditions. The
fidelity of the model was checked by comparing data obtained from experiments and from
some previous studies. The predicted heat flux should be received by the sensor for 46 kW
was 11 kW/m2 and experimentally found results were 15 kW/m2. Also, for 110 kW the model
produced 72 kW/m2 on the sensor window while the experimental value was 56 kW/m2. The
flame properties predicted by the model seemed to be in accordance with the theoretical
analysis.
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▪

Combustion temperature of oxy-methane flames for different firing inputs were also
investigated. The values obtained from the CFD models were corroborated with previous
studies and accepted methods. Highest flame temperature was found to be at the no dilution
conditions and around 3000K and the lowest temperatures were around 1900 K which could
be found at the 80% dilution cases. The CFD results were found to be more accurate in low
CO2 environments which could be because of the radiation model’s inaccuracy in calculating
spectral absorption. Even with the residual error the model predicted data well within an
acceptable range.

▪

The exhaust product generated from the combustions was obtained and analyzed from the
CFD models. The model predicted that the highest CO2 mole fraction generated by an oxymethane flame of 1900 K is 0.85 and it was found to be 0.8 from a previous study. The
model could also predict the area concentration of the reactant gasses successfully. When
checked against the experimental body temperature the predicted values from the model were
found to be closely following the real-life thermocouple data. Overall based on the data trend
and theoretical analysis it can be said with that the digital counterpart has shown high fidelity
and can be considered for future analysis of realistic oxy-combustion.
6.2. Future Work:
Oxy-combustion in pressurized environment increases the efficiency and decreases

carbon capturing cost. Extensive research is required to understand high pressure oxy
combustion and to develop high fidelity numerical model. The combustor used in this study is
designed to facilitate combustion in high pressure of up to 20 bar. Currently it operates in an
atmospheric environment but by adding a solid end plate at the very bottom and by integrating a
needle valve high pressure combustion can be achieved. And the designed computational model
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of the combustor can be modified by minor changes to simulate the pressurized burning. The
radiation properties of the reactant and product gasses changes with pressure. The change is most
prominent in CO2, which also is the major presence in the combustion environment. More
research is required to characterize the heat transfer of pressurized oxy-combustion with
recirculated flue gas. The numerical study presented in this dissertation can be used as the base
model for that study as well.
The combustor is designed to accommodate multiple liquid and gaseous fuels. This study
can be scaled up to investigate coal/water slurry combustion in a O2/CO2 environment. The
available carbon capturing technologies made oxy-coal combustion a lucrative choice for future
power generation. The current combustor can facilitate oxy-coal combustion but the exhaust
section needs a few modifications. An ash cake collection section must be attached at the bottom
and a water sprinkler system will be installed to cool the exhaust gasses down. Besides coal and
methane, hydrogen fuel can also be used as an alternative fuel for this combustor by modifying
the feed system. A hydrogen gas supply system also needed to be installed. An emission analyzer
system can be introduced to analyze the exhaust gas and combustion efficiency. The laboratory
has CO2, CO, and NO2 analyzers which will be integrated with the combustor system by
attaching a manifold with the exhaust to guide the gasses into the analyzers.
The combustor body can be modified with several other sensor ports at different key
locations. The combustion parameters can be mapped better if more sensors can be integrated on
the burner body to acquire data at several other critical points. New heat flux sensor ports can be
designed to collect radiation data along the flame length. Also, temperature sensors can be
integrated into the design to measure the combustor temperature directly. The combustor is
designed to be adaptive which also allows it to run at even a higher firing input than 5MW. At
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higher thermal input flame length will increase hence another section can be added between the
main burner body and exhaust body. This added section will increase the combustor height and
thus making room for the longer flame. The experimental findings and the CFD models
presented in this dissertation can be used as a base study for future combustion research. Several
sub models can be added into the CFD model to improve prediction accuracy. Errors in radiative
heat flux reading can be reduced by integrating soot radiation model into the simulation. Also,
this model used four step chemistry model which can be modified by adding more reaction into
the combustion reaction by conducting chemical analysis of the combustion zone and emission
analysis.
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Appendix
NOMENCLATURE:
𝜆
𝑟⃗⃗
𝑠⃗⃗
𝜎ℎ
𝑟𝑖
𝑟𝑜
𝑃𝑜
𝑃𝑖
𝑇𝑤𝑔
𝑇𝑤𝑎𝑖𝑟
𝐸
υ
𝑡
𝜎𝑡
k
𝐴𝑓𝑙𝑎𝑛𝑔𝑒
𝐺𝑒𝑓𝑓
𝐺𝐹𝑠
𝑃
a
J
VR
𝑣
𝜌
𝜏̿
𝑝
𝑆ℎ
O/F
R
𝑇𝑟
𝑇𝑐
𝑞̇
𝛼

Wavelength
Position
Absorption
Hoop Stress
Inner Radius of Combustor
Outer Radius of Combustor
Outer Pressure
Inside Pressure
Wall Temperature from the
hot gas side
Wall Temperature from the
air side
Young’s Modulus
Poisson’s Ratio
Thickness
Thermal Stress
Thermal Conductivity
Area of Flange
Gasket Effective Area
Gasket Sealing Force
Pressure
Weld Height
Momentum Flux Ratio
Velocity Ratio
Velocity
Density
Stress Tensor
Static Pressure
Heat Source
Oxygen to Fuel Ratio
Universal Gas Constant
Reduced Temperature
Critical Temperature
Radiative Heat Flux
Gas Absorption Coefficient
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m
m
J
N/m2
in
in
Pa
Pa
K
K
psi
in
N/m2
W/m-K
m2
m2
N
Pa
in
N/A
N/A
[m/s]
kg/m
Pa
N/A

K
kW/m2
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